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Kurzfassung
Tropfenpopulationsbilanzen-Tools wie ”ReDrop“ bieten das Potential einer schnellen und ef-
fizienten Optimierung der Kompartmentgeometrie entlang von Ku¨hni-Extraktionskolonnen. Um
dieses Potential sicher zu nutzen, ist ein quantitatives Versta¨ndnis zum Einfluss der Kompart-
mentgeometrie und Betriebsgro¨ßen wie Drehzahl und kontinuierlicher Gegenstrom auf die mit-
tlere Tropfenverweilzeit und die Verweilzeitverteilung notwendig.
Daher wird in dieser Arbeit mithilfe von Einzeltropfenmessungen in speziell konzipierten
Labormesszellen mit Ku¨hni-Kompartments der Einfluss von Geometrie und Betriebsgro¨ßen
auf die Verweilzeiten von Tropfen verschiedener Durchmesser systematisch untersucht. Dabei
werden fu¨r jeden Betriebspunkt die Bewegungen von bis zu 100 Einzeltropfen mit einer
Hochgeschwindigkeitskamera aufgenommen. Bei der Analyse der Videoaufnahmen werden
Tropfenverweilzeiten sowohl fu¨r das Gesamtkompartment als auch fu¨r drei verschiedene Kom-
partmentzonen erfasst. Diese Kompartmentzonen sind Zone 1 zwischen unterem Stator und
Ru¨hrer, Ru¨hrer-Zone 2 und Zone 3 zwischen Ru¨hrer und oberem Stator. Des Weiteren werden
Effekte wie Tropfenru¨ckvermischung zwischen Kompartmentzonen und Kompartments sowie
Pha¨nomene wie Ru¨hrer- und Statorkontakt der Tropfen quantitativ ausgewertet. Diese detail-
lierte Auswertung des Tropfenverhaltens im Kompartment zeigt u.a., dass die mittlere Tropfen-
verweilzeit in der oberen Kompartment-Zone 3 bis zu viermal la¨nger ist als in der unteren Zone
1. Es wird dann gezeigt, dass eine Reduzierung der Kompartmentho¨he von 20% bei gleichzeit-
iger asymmetrischer Positionierung des Ru¨hrers im Kompartment mo¨glich ist, ohne dass sich die
mittlere Tropfenverweilzeit maßgeblich a¨ndert.
Auf Basis der experimentellen Erkenntnisse wird das Zone-Walk-Modell zur Beschreibung der
Tropfen-Verweilzeitverteilung in Ku¨hni-Kompartments entwickelt, das mit stochastischenMeth-
oden die Interaktionen des Tropfens mit Kolonneneinbauten und Stro¨mungsfeld im Kompart-
ment abbildet. Das Modell besteht aus 3 Untermodellen, eins fu¨r jede Zone. Tropfen ko¨nnen
dabei durch Austrittsfrequenzen zwischen den einzelnen Zonen sowie Kompartments vorwa¨rts-
und ru¨ckvermischt werden. Es wird gezeigt, dass das Modell die Tropfenverweilzeiten in Ku¨hni-
Kompartments nicht nur fu¨r die untersuchten Kompartmentgeometrien und Betriebsgro¨ßen mit
guter Genauigkeit beschreibt, sondern auch erfolgreich auf weitere Kompartmentgeometrien und
Stoffsysteme aus der Literatur extrapolierbar ist. Abschließend wird das Zone-Walk-Modell in
”ReDrop“ implementiert und durch einen Abgleich von Simulationsergebnissen und Literatur-
daten fu¨r zwei Ku¨hni-Kolonnen im Technikumsmaßstab erfolgreich validiert.
vii

1 Introduction
Solvent extraction, also known as liquid-liquid extraction, is a thermal unit operation not only
used in waste-water treatment, hydrometallurgy, processing of nuclear fuels or in the oil industry
(Hanson, 1974; Rydberg and Musikas, 1992) but also in pharmaceutical and biotechnological
engineering. In light of the future change in chemical feedstock, where more and more bulk
chemicals will be produced from biomass, solvent extraction will become increasingly attractive
as a thermal unit operation (Ragauskas et al., 2006; Adinata et al., 2011). This is because the
comparatively high oxygen content of these biogenic raw materials results in low vapor pressure,
making distillation less feasible.
One type of apparatus in which solvent extraction is preferably carried out is an extraction
column through which a continuous phase and a dispersed drop-phase move in a counter-current
direction. In order to improve the column’s separation performance, pulsed or rotating column
internals are usually installed. These pulsed or rotating column internals improve the column’s
separation performance by both increasing the interfacial area through drop breakage and in-
creasing drop residence time inside the column.
In extraction columns with rotating internals, impellers are installed on a shaft. Simpler types
of such columns are the Rotating Disc Contactor (RDC) and the asymmetric Rotating Disc Con-
tactor (ARD), in both of which the impeller is a disc. More complex types with bladed or turbine
impellers are the QVF-Ru¨hrzellen-Extractor (RZE) or the Ku¨hni extractor. Inside these columns,
compartments (see Ku¨hni compartment in Fig. 1.1) are placed one above the other. This work
will focus on the Ku¨hni geometry. Here, stator plates separating the compartments from each
other reduce back-mixing of the continuous phase but also hinder drop sedimentation, which, in
turn, increases time for mass transfer.
It is common practice to tailor the compartment geometry of Ku¨hni extractors to the local
conditions along the column (Deckert, 2005; Koch and Herguijuela, 2012). One reason why
such tailoring may be beneficial is when interfacial tension varies significantly along the column
due to the concentration profile of the transfer component. In such cases, energy input in regions
of low interfacial tension is preferably reduced and this can be done by installing impellers
with smaller diameters or changing the type of impeller. A second reason for adjusting the
compartment geometry might be when the hold-up varies greatly along the column due to large
amounts of transfer component. In order to counter this, the open-area fraction of the stator
plates separating the compartments is usually adjusted along the column.
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Figure 1.1: Photo of a pilot-plant scale Ku¨hni compartment.
Due to the fact that the Ku¨hni extractor can be tailored in certain ways such as those detailed
above and due to its relatively open geometry (see Fig. 1.1), this extractor has the potential
to be used for particular separation tasks, such as the extraction of biogenic component from
fermentation broths and it can also handle solids in the extraction system. For example, Schu¨gerl
(1994) used a Ku¨hni column for the extraction of penicillin from a fermentation broth. In order
to harness this potential fully and efficiently, a fundamental and quantitative understanding of the
effect of different design options on fluid-dynamics and separation efficiency, such as impeller
diameter, stator type and its open-area fraction is needed.
The two most important design parameters for an extraction column such as the Ku¨hni extrac-
tor are the height it must have to achieve a given separation task and the diameter needed for a
given throughput. For industrial-scale extraction columns, these parameters are usually designed
with pilot-plant experiments and relatively simple models.
Pilot-plant experiments can be both time-consuming and expensive in terms of the amount
of material system needed (Pfennig et al., 2006; Pfennig and Gro¨mping, 2007; Adinata et al.,
2011). In particular, large amounts of material system are often not yet available during the
design stage of new processes. As a result, models for the description of column behaviour are
usually employed, such as a stage-wise approach based on equilibrium stages, the HTU-NTU
method or modelling of the column with a mean drop diameter, such as the dispersion model
(Adinata et al., 2011; Kopriwa et al., 2013).
In solvent-extraction columns, there is a complex interplay between several phenomena, the
most important ones being drop sedimentation, drop breakage, coalescence and mass transfer
(Pfennig and Gro¨mping, 2007; Adinata et al., 2011; Kopriwa et al., 2013). Drop coalescence
and breakage, for example, affect drop-size distribution along the column. Big drops have both
a low volume-specific interfacial area and comparatively high sedimentation speed, which in
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turn leads to lower residence times in the column. Both effects decrease the specific mass of
transfer component transported across the interface. Small drops, on the other hand, have a
relatively high specific interfacial area but have a comparatively rigid interface (Henschke, 2004;
Wegener, 2009), which leads to lower mass-transfer coefficients. Furthermore, small drops have
a comparatively low sedimentation speed, increasing their residence time in the column, which
is favorable in terms of the separation performance of the column but has a negative effect on the
maximum throughput, i.e. the column’s flooding limit.
With the HTU-NTU method or the dispersion model, however, it is not possible to determine
the column’s flooding limits, which makes separate correlations necessary. In order to accurately
describe the interplay between the different phenomena acting on the drops, it is necessary to use
a more detailed modelling approach, e.g. drop-population balances (Kopriwa et al., 2013).
Drop-population balances are nowadays used in connection with lab-scale experiments with
single drops. These lab-scale experiments are needed since impurities in the liquid-liquid sys-
tem may influence drop behavior by affecting drop sedimentation, mass transfer and coalescence
quite significantly (Henschke, 2004; Wegener, 2009). The models accounting for these phenom-
ena in the drop-population balance tool therefore contain system-specific parameters that are
fitted to the results of single-drop experiments with the respective material system. Compared to
pilot-plant experiments, such single-drop experiments only require very small amounts of mate-
rial system and can be carried out relatively quickly (Pfennig et al., 2006; Adinata et al., 2011).
In addition to these general advantages, column simulation using drop population balances
has particular advantages for the simulation of Ku¨hni extractors. This is because such simulation
allows the compartment geometry to be quickly and systematically tailored along the column,
something which is hardly possible using the conventional design method based on pilot-plant
experiments.
Parameter studies have shown that drop residence time inside the compartment is a crucial
parameter for the accuracy of the simulation since it greatly affects hold-up and operating limits
as well as separation performance (Seikova et al., 1992; Schmidt, 2006; Kalem et al., 2011).
However, available models for the description of drop residence time in Ku¨hni extractors show
significant deviation from experimental data and have only been validated for some standard
geometries. Furthermore, no systematic investigation regarding the influence of the compartment
geometry on the drop’s residence time has been carried out and the influence of the counter-
current flow has not been investigated at all.
Therefore, it is the goal of this work to systematically investigate the impact of compartment
geometry on drop residence time, including the design options mentioned above. This will
be done with single-drop experiments in a lab-scale cell with Ku¨hni compartments. In these
measurements, 6 geometric parameters will be systematically varied. These are
 compartment height,
3
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 compartment diameter,
 impeller diameter,
 impeller type,
 open-area fraction of the stator plates and
 stator type.
Their effect, together with the effect of the counter-current flow on drop residence time and
residence-time distribution, will be quantified. On the basis of the experimental findings, a sound
model for the description of drop residence-time distribution will then be developed.
This work is structured as follows: In chapter 2, the theoretical background for modelling
extraction columns with the drop-population balance tool ReDrop is introduced. As part of this,
the individual phenomena taking place inside Ku¨hni extraction columns and the models used to
describe them are presented. Here, the focus is on drop residence times in compartments, and
available models for the description of such are discussed and reviewed. In chapter 3, the exper-
imental methods used for measuring drop residence-time distributions are introduced. Next, in
chapter 4, a new model for the description of drop residence-time distributions in Ku¨hni com-
partments is presented and evaluated. In chapter 5, the most important discoveries made in this
work are then be presented and discussed. Finally, in chapter 6, the model’s applicability for the
description of complete column behaviour in combination with a drop-population balance tool
is verified.
4
2 Single-drop Models and Critical
Review of the Literature
Drop-population balances are a powerful method for predicting the behaviour of ex-
traction columns and have been applied by numerous researchers over the last 30
years (Cruz-Pinto and Korchinsky, 1981; Garg and Pratt, 1984; Hamilton and Pratt,
1984; Casamatta and Vogelpohl, 1985; Haverland et al., 1987; Al Khani et al., 1988;
Zimmermann et al., 1992; Tsouris et al., 1994; Kronberger et al., 1995; Zamponi, 1996;
Arimont, 1997; Hoting, 1997; Mohanty and Vogelpohl, 1997; Toutain et al., 1998; Kentish et al.,
1998; Bart et al., 1999; Ghalehchian and Slater, 1999; Klinger et al., 2002; Luo et al., 2004;
Goodson and Kraft, 2004; Henschke, 2004; Attarakih, 2004; Altunok et al., 2006; Schmidt,
2006; Vikhansky et al., 2006; Gomes et al., 2006; Steinmetz, 2007; Klinger, 2008; Altunok,
2009; Kalem et al., 2011; Buchbender et al., 2012b). When drop-population balances are solved,
a set of non-linear integro-differential equations is usually obtained. If these balances are to be
solved explicitly for every property of a drop, distributions have to be defined. These are usually
divided into classes. In the literature (Schmidt et al., 2006; Steinmetz and Bart, 2009), classes
with respect to drop size, concentration of transfer component, and drop-height position in the
column are taken into account. For the simulation of hydrodynamics, the column is divided into
height elements and the change of a drop class with a specific diameter due to convection, axial
dispersion, breakage and coalescence is considered. Even the solution of a population balance
with only two drop properties needs advanced numerical methods (Attarakih et al., 2004). If
a further drop property, for example, drop age for the calculation of mass-transfer (Henschke,
2004), needs to be considered, a new distribution has to be included to explicitly account
for this additional property. Consequently, the dimensionality of the simulation is increased.
Hence, predicting the behaviour of a column for a slightly more complex situation results in
significantly greater numerical effort. This hinders direct solution of drop-population balances
for slightly more complex situations like multi-component or reactive extraction even when the
method of moments (Attarakih et al., 2009) is applied.
Drop-population balances can also be solved by Monte-Carlo methods (Arimont, 1997;
Ramkrishna, 2000; Goodson and Kraft, 2004; Henschke, 2004; Vikhansky et al., 2006; Altunok,
2009; Kalem et al., 2011; Buchbender et al., 2012a) and these have two main advantages over the
solution method with integro-differential equations. These advantages are the method’s mathe-
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matical clarity and the ease with which the drop-population balance can be extended to multidi-
mensional cases (Vikhansky et al., 2006), such as multi-component or reactive extraction.
ReDrop is one Monte-Carlo drop-population balance model developed at AVT - Thermal Pro-
cess Engineering at RWTHAachen University, Germany. TheMonte-Carlo method in ReDrop is
used to follow individual drops through an extraction column during their entire lifetime. Simu-
lations with ReDrop for pulsed extraction columns and columns with rotating internals have been
validated for a variety of systems, even for industrial, reactive and novel extraction systems with
ionic liquids (Henschke, 2004; Altunok et al., 2006; Weber et al., 2005; Klinger, 2008; Altunok,
2009; Kalem et al., 2011; Buchbender et al., 2012a,b).
2.1 ReDrop
This section explains the basic algorithm of the ReDrop programme (see Fig. 2.1). At the be-
Figure 2.1: Diagram of the ReDrop algorithm.
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ginning of each ReDrop simulation, the user is required to enter input data such as the system
properties, operating conditions and the geometry of the column and its internals. In addition,
the model parameters obtained from single-drop experiments (see chapter 1) have to be provided.
Next, the column is divided into height elements for the subsequent calculation of the hold-up
and concentration profile. For the simulation of columns with rotating internals, each compart-
ment corresponds to exactly one height element. In this height element the continuous phase is
ideally mixed.
In order to reduce computing time, only a representative cross-section of the column is simu-
lated. Studies have shown that stable results are achieved when simulating about 1000 drops per
metre of column height (Henschke, 2004; Klinger, 2008; Kalem et al., 2011). For the simulation
the liquid loads are adapted so that the area-specific flows of both phases in the simulated col-
umn are identical to those of the real column. The time loop (see Fig. 2.1) starts with the drop
injection that is dependent on the load, the disperser and the chosen time increment Dt of the sim-
ulation. Next, within the drop loop, all drops are processed in order of their position from bottom
to top. In detail this means: For every drop, the relevant height element is determined. The sed-
imentation velocity is then calculated, taking into account the hindrance of drop sedimentation
due to the internals and local hold-up. With this velocity, the height change Dh of the drop in the
incremental time step Dt is determined. Next, if present, reactions taking place inside the drop
or at the interface are calculated. After that, mass transfer of one or more solutes from one phase
to the other is processed. Then the population behaviour of the drop is modelled by employing
adequate models for the simulated internal geometry. Here, breakage and coalescence probabil-
ities pB and pC are calculated and a uniformly distributed random number s is generated. Based
on the relative magnitudes of pB and pC, it is determined whether an individual drop breaks or
whether it coalesces, as shown in Fig. 2.2. If s is smaller than pB, the drop splits. If s is between
pB and pB + pC, the drop is marked for coalescence. This drop then coalesces with the nearest
available drop which is also marked for coalescence. After that the composition of the dispersed
phase outlet is determined by considering the drops leaving the column. Components may then
be fed into the column through a side feed. This side feed enables the user to simulate two-phase
catalysis processes with ReDrop. Within a loop for the individual height elements, reactions in
the continuous phase, if present, are calculated. Next, the composition of the continuous phase
Figure 2.2: Stochastic procedure to calculate breakage and coalescence for each drop.
7
2 Single-drop Models and Critical Review of the Literature
and the dispersed phase hold-up in every height element are updated, also taking into account
back-mixing of the continuous phase.
The models used in ReDrop to account for the individual phenomena inside Ku¨hni extrac-
tion columns and the theoretical background of these models are presented and discussed in the
following sections. Here, the focus is on drop movement in particular.
2.2 Drop sedimentation
2.2.1 Terminal velocity
Modelling of drop movement inside extraction columns is usually done on the basis of the
terminal velocity v¥ a drop reaches in an infinitely extended continuum. Research regard-
ing v¥ has been carried out by numerous authors (Klee and Treybal, 1956; Vignes et al., 1965;
Brauer and Mewes, 1971; Haas, 1972; Misek, 1974; Grace et al., 1976; Henschke, 2004) and
has shown that drop sedimentation can be divided into four zones as a function of drop diameter:
rigid spheres, drops with internal circulation, oscillating drops and umbrella shaped drops (see
Fig. 2.3). Small drops behave like rigid spheres, something which is commonly explained by
traces of impurities that rigidify the drop interface. With increasing drop diameter, shear forces
at the interface increase and induce internal circulation of the drops that reduces their drag resis-
tance and, in turn, increases their sedimentation velocity. With further increase in drop diameter,
Figure 2.3: Four zones of drop sedimentation (Henschke, 2004).
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drops begin to oscillate and become umbrella-shaped, which increases their drag resistance and
reduces their sedimentation velocity.
Henschke (2004) describes the four sedimentation zones with four sub-models which are then
linked to one overall model for v¥ with transition functions containing three system-specific
parameters that have to be fitted to experimental data. Before introducing the experimental
procedure to obtain these parameters in section 3.2, the Henschke sedimentation model itself is
presented in the following:
Sub-model for rigid drops
The sedimentation velocity of rigid spheres is modelled using a force balance between the gravity
force FG, drag resistance FD and buoyancy force FB:
FD = FB FG : (2.1)
This force balance yields in a dimensionless form:
Ar=
3
4
Re2¥cd;¥ (2.2)
with the dimensionless Archimedes number
Ar=
rc jrc rdjgd3
h2c
; (2.3)
the Reynolds number
Re¥ =
rcdv¥
hc
(2.4)
and the drag coefficient cd;¥. In Eqs. 2.2 to 2.4, rc and rd are the densities of the continuous
and dispersed phase, g is the gravity of earth, d the drop diameter and hc the viscosity of the
continuous phase.
Henschke (2004) correlates cd;¥ for Reynolds numbers between 0 and 3105 as a function of
the Archimedes number Ar:
cd;¥ =
432
Ar
+
20
Ar1=3
+
0:5Ar1=3
140+Ar1=3
: (2.5)
Combining Eqs. 2.2 to 2.5 yields the sedimentation velocity of rigid spheres v¥;rig.
Sub-model for spherical drops with internal circulation
Using numerical solutions by Haas (1972) and Waheed (2001), Henschke (2004) developed
a correlation for the Reynolds number of drops with internal circulation in the range of
9
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0< Re¥;cir < 500:
Re¥;cir =
Ar
12(0:065Ar+1)1=6
: (2.6)
Combination of sub-models for rigid drops and drops with internal circulation
The sedimentation velocity of rigid drops and spherical drops with internal circulation are then
combined by using a crossover function:
Re¥;sph = (1  f 01)Re¥;rig+ f
0
1Re¥;cir (2.7)
with the crossover parameter
f
0
1 = 2(K
0
HR 1) (2.8)
employing a modified Hadamard-Rybczinski parameter
K
0
HR =
3(hc+hd= f2)
2hc+3hd= f2
(2.9)
that contains the parameter
f2 = 1  11+(d=dsw)asw , asw = 10 : (2.10)
Here, dsw is the drop diameter at which a drop switches from being rigid to being a drop with
internal circulation. This parameter has to be fitted to experimental data because impurities in
the liquid-liquid system influence this transition significantly.
Sub-model for oscillating drops
The sedimentation velocity of oscillating drops is described by Henschke (2004) with a correla-
tion by Maneri (1995):
vos =
s
2ascs
rcd
: (2.11)
Here, s is the interfacial tension. asc scales the sedimentation velocity of oscillating drops and
has to be fitted to experimental data.
Sub-model for deformed drops
The sedimentation behaviour of deformed umbrella-shaped drops can be described well with
the following correlation, which was also used by Wallis (1974) to calculate v¥ of bubbles:
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vdef =
s
jrc rdjgd
2rc
: (2.12)
Combination of sub-models for oscillating and deformed drops
The transition between oscillating and deformed drops is then described by Henschke (2004),
employing the following cross-over function:
vos;def = (vadefos + v
adef
def )
1=adef with adef = 8 : (2.13)
Overall sedimentation model
Eqs. 2.7 and 2.13 are then combined into a single model that describes drop sedimentation with
a continuous function over the entire range of drop diameters:
v¥ =
vcircvos;def
(vatrcirc+ v
atr
os;def)
1=atr
: (2.14)
Here, atr is used to adjust the smoothness of the transition function and has to be fitted to exper-
imental data. Overall, the Henschke sedimentation model can be applied to all drop diameters
relevant in solvent extraction and has three well-defined system-specific parameters that have to
be fitted to experimental data.
2.2.2 Drop velocity in Ku¨hni compartments
In columns with rotating internals such as the Ku¨hni extractor, drops do not move with their ter-
minal velocity v¥. Inside a compartment of a Ku¨hni column, there are toroidal vortices generated
by the impeller which rotate around the shaft axis in the upper and lower zone (see Figs. 2.4 and
2.5). While in Ku¨hni pilot-plant columns with diameters of up to DC = 60 mm, blade impellers
and ring stators are usually used (see Fig. 2.4), in columns with diameters of DC = 100 mm and
above, compartments with turbine impellers and perforated stators are installed (see Fig. 2.5).
Due to the geometry of these internals, such as the impeller and the stator plates at the upper
and lower end of each compartment as well as the velocity field generated by the impeller, drop
sedimentation is hindered, meaning the drop’s residence time is usually increased. Due to the
random pathways drops may take through the compartment, there is usually a residence-time
distribution even for drops of the same diameter. Haunold et al. (1990) and Seikova et al. (1992)
found drop residence time in Ku¨hni compartments with perforated stators and turbine impellers
11
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to be highly dependent on the impeller Reynolds number
ReR =
rcD2RN
hc
; (2.15)
as shown in Fig. 2.6. In Eq. 2.15, N is the impeller speed and DR the diameter of the impeller.
At low impeller speed, drop residence time mainly depends on the geometry of the internals,
which affects the probability of the drop finding a hole in the stator. A drop may circulate
underneath a stator plate for a random time span before passing the stator into the next adjacent
Figure 2.4: Qualitative representation of toroidal vortices in Ku¨hni DN60 compartment with 4-
blade impeller and ring stator.
Figure 2.5: Qualitative representation of toroidal vortices in Ku¨hni DN150 compartment with
turbine impeller and perforated stator.
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Figure 2.6: Mean drop residence time in Ku¨hni compartment (DC = 100 mm) with turbine im-
peller and perforated stator as a function of the impeller Reynolds number for the systems toluene
(d) + water (d) + acetone (eq.) and water (c) + n-butanol (d) + succinic acid (eq.) (Seikova et al.,
1992).
compartment. It is evident that the open-area fraction of the stator therefore has a strong effect
on drop residence time at low impeller speed. At higher impeller speed, the suction effects of the
adjacent compartment increase and drops thus find their way from one compartment to the next
more easily, which leads to lower residence times. With a further increase in impeller speed,
turbulence within the compartments increases and drop motion becomes more random, leading
to increased drop residence time (Haunold et al., 1990; Seikova et al., 1992).
In order to account for these effects when simulating Ku¨hni extractors with drop-population
balances, a common approach is to introduce the so-called “slowing factor” which was first
proposed by Strand et al. (1962) and is defined as:
kV =
vchar
v¥
: (2.16)
Here, v¥ is the terminal velocity of a drop and vchar the characteristic velocity, which is defined
as:
vchar =
HC
tm
: (2.17)
Here, HC is the compartment height and tm the mean drop residence time in the compartment.
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With decreasing vchar, the slowing factor tends towards 0. This is why the term “slowing factor”
is misleading, since kV is actually defined as an acceleration factor (see Eq. 2.16).
Parameter studies by Seikova et al. (1992), Schmidt (2006), Buchbender et al. (2010) and
Kalem et al. (2011) have shown that, compared to other simulation parameters describing drop
breakage, coalescence, and axial dispersion, the slowing factor has by far the strongest effect
on the hold-up, Sauter mean diameter and separation efficiency of the extraction column in the
simulation with drop-population balances. For example, reducing kV by only 20% results in a
hold-up increase of 50% (Seikova et al., 1992) and an increase in the column’s separation effi-
ciency of 17% (Buchbender et al., 2010). It is therefore desirable to describe kV as accurately as
possible.
In the literature, there are several correlations for kV, such as those by Fang et al. (1995),
Garthe (2006), Schmidt (2006) and Steinmetz (2007). These authors as well as Seikova et al.
(1992), Wagner (1999) and Haunold et al. (1990) performed extensive experiments with single
drops in Ku¨hni compartments with a stagnant continuous phase and their research covers a wide
range of compartment geometry.
Garthe (2006) found the slowing factor to be independent of the liquid-liquid system. How-
ever, Garthe (2006) only investigated kV for the standard-test systems butyl acetate (d) + water
(c) + acetone (c!d), toluene (d) + water (c) + acetone (c!d) and polypropylene spheres (d)
+ water (c). All of these systems have similar differences in densities, and thus Garthe’s gen-
eral claim that kV is independent of the material system should be treated with care. Fang et al.
(1995) correlates kV only as a function of the impeller Reynolds number ReR and the open-area
fraction of the stators j:
kV = 1 
(1 j)

7:1810 5 ReRj

1+

7:1810 5 ReRj
 : (2.18)
Steinmetz (2007), Garthe (2006) and Schmidt (2006) also account for the effect of drop diam-
eter d, column diameter DC and compartment height HC. Instead of using the impeller Reynolds
number to describe the influence of the energy input by the impeller, they use the Newton number
Ne, determined using the correlation by Kumar and Hartland (1996):
Ne= 1:08+
10:94
Re0:5R
+
257:37
Re1:5R
: (2.19)
In Garthe’s model, kV increases with the open-area fraction of the stator plates and decreases
with an increased drop diameter:
kV = 1 1:1669Ne 3:945 2:087

d
DC DR
1:336
 1:159

HC
DC
2:049
+2:1j1:032 : (2.20)
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Schmidt (2006) fitted the model parameters of Garthe’s model to additional experimental data:
kV = 1 1:5Ne 3:18 145:26

d
DC DR
3:26
 22:07

HC
DC
9:86
+1:35j0:94: (2.21)
While with Schmidt’s model, the slowing factor hardly changes over the entire range of relevant
compartment heights HC, in the model of Steinmetz (2007):
kV = 0:0028
DS DR
d
+0:7227
DC
HC
exp
"
 0:5

Ne 1:703
0:3105
2#
; (2.22)
kV remains almost constant over the entire range of relevant drop diameters and open-area frac-
tions of the stator due to the low factor of 0.0028 in front of the first model term. Furthermore,
instead of employing the open-area fraction, the inner diameter of the stator DS is used, thus
rendering Steinmetz’s model inapplicable for describing perforated stators.
Using Particle Image Velocimetry (PIV) measurements as well CFD calculations, Kolb (2004)
showed that the counter-current flow of the continuous phase significantly affects the velocity
profile inside the compartment. However, the velocity of the continuous counter-current flow is
not accounted for in any of the slowing-factor models above.
Although the range of model applicability given by Garthe (2006), Schmidt (2006) and
Steinmetz (2007) is high (see Tab. 2.1), no systematic variation of the compartment geome-
try was carried out. For example, while Garthe (2006) used compartments with a diameter of
Table 2.1: Parameter range of slowing-factor correlations.
Fang et al. (1995) Garthe (2006) Schmidt (2006) Steinmetz (2007)
d [mm] 4 - 6.4 0.9 - 6.4 0.9 - 6.4 0.9 - 6.4
DC [mm] 152 72 - 152 72 - 152 32 - 152
HC [mm] 70 37 - 70 37 - 70 26.5 - 70
DR [mm] 85 41 - 85 41 - 85 19.5 - 85
impeller type turbine 6-blade, turbine 6-blade, turbine 6-blade, turbine
N [min 1] 60 - 115.2 50 - 250 0 - 275 0 - 350
j [-] 0.1 - 0.3 0.1 - 0.4 0.1 - 0.4 0.1 - 0.4
stator type perforated ring, perforated ring, perforated ring, perforated
fmean [%] 12.2 10.7 5.8 8
fmax [%] 30 35 > 100 100
DC = 80 mm, a height of HC = 50 mm and ring stators with an open area fraction of j = 40%,
Fang et al. (1995) used compartments with a diameter of DC = 152 mm, a height of HC = 70 mm
and perforated stators with an open area fraction between j = 10% and 30%. Furthermore, dif-
ferent impeller types were used. Garthe (2006) and Steinmetz (2007) used 6-blade impellers
while Seikova et al. (1992) and Fang et al. (1995) used turbine impellers. It is thus questionable
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whether the slowing-factor correlations presented above allow the effect of the individual geo-
metric parameters DC, DR, HC and j on kV to be reliably discriminated. This is also remarked
upon by Garthe (2006). The geometric variables in slowing-factor models barely describe fun-
damental relationships. It seems as if some of these geometric variables are simply included to
make the models dimensionless.
Furthermore, Tab. 2.1 shows that while the slowing-factors models presented have moderate
mean relative deviations fmean from experimental data, the maximum relative deviations fmax of
the models with a wider range of applicability (Schmidt, 2006; Steinmetz, 2007) are 100% and
higher.
As mentioned before, knowing the slowing factor only makes it possible to describe the drops’
mean residence time and not its residence-time distribution. In order to describe its residence-
time distribution, a distribution function by Feller (1968) is commonly employed, although
in the literature this function is often falsely cited as the distribution function developed by
Levenspiel and Smith (1957). The distribution function by Feller (1968) is:
E(Q) =
1
2Q
r
Bo
pQ
exp

 (1 Q)
2Bo
4Q

(2.23)
with
Q=
t
tm
(2.24)
as dimensionless time and the dimensionless Bodenstein number
Bo=
HCvchar
Dax;d
; (2.25)
which describes the ratio of the convective velocity component to the dispersion flux expressed
by the axial dispersion coefficient of the dispersed phase Dax;d. A typical correlation for Bo of a
Ku¨hni extractor was presented by Steinmetz (2007):
1
Bo
= 0:017+3:3710 4ReR1:1Red 0:5 : (2.26)
Here, the drop’s Reynolds number Red is calculated with the characteristic drop velocity vchar.
The influence of the counter-current flow of the continuous phase or geometric characteristics of
the compartment such as HC, DC or j are, however, not accounted for.
Alongside the slowing factor concept, there are other ways to describe drop residence times
in Ku¨hni compartments. Two such ways are the “Single-Drop Walk model” by Seikova et al.
(1992) or the “Exit-Frequency Model” by Kirou (1990). These are examined below.
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Single-Drop Walk Model
The basis for the “Single-drop walk model” is the velocity field inside the compartment, which
is described with simplified velocity models by Drbohlav et al. (1978) and Fort et al. (1979) that
average velocities and neglect turbulence. Seikova et al. (1992) divide the compartment into
8 zones while considering rotational symmetry. Using the velocity field, Seikova et al. (1992)
define constant radial, axial and tangential velocities for each zone. The compartment is divided
into cells with a size in the same order of magnitude as the drop diameter. A drop with randomly
distributed radial position is then injected at the bottom of the compartment and its sedimentation
velocity is superimposed on the velocity of the continuous phase of the zone the drop is currently
located in. Hence, the drop displacement per time step from cell to cell can be determined.
Summation of the time steps which the drop needs to move from compartment inlet to outlet
results in its residence time in the compartment.
For a low impeller speed, Seikova’s model is in good agreement with her own experimental
data determined using a DN100 single-drop cell with three compartments, turbine impellers and
perforated stators. At higher impeller speed, however, there are significant deviations between
model calculation and the slowing factors found in her experiments. Seikova et al. (1992) ex-
plain this by pointing out that turbulence is neglected in their model and that the effect of such
turbulence on drop movement becomes more dominant with increasing impeller speed.
Exit-Frequency Model
An interesting stochastic approach to the description of drop residence times is the “Exit-
Frequency model” developed by Kirou (1990) and extended by Tsouris et al. (1994). According
to Kirou (1990), a drop’s residence time is inverse to its compartment exit frequency:
fexit = fexpopexitploop : (2.27)
Here, fexpo is the frequency of drop exposure to a critical region around the stator cross-section
and a function of drop diameter and impeller speed. If the drop is exposed to the critical region,
pexit is the probability of the drop leaving this region and moving to the adjacent compartment.
pexit is determined by comparing the time the drop needs to penetrate the critical region to the
drop’s exposure time to the critical region. ploop is the probability of the drop being in the up-
per toroidal vortex. Kirou (1990) makes the simplifying assumption of ploop being the ratio
of the vortex volume to the compartment volume. Although Kirou (1990) does not compare
his model to single-drop data, he implemented his model into a drop-population balance tool.
The calculated hold-up and Sauter mean diameters are shown to be in good agreement with his
own experimental data from pilot-plant experiments. However, the model assumption that ev-
ery drop follows the toroidal vortex exactly does not correspond to experimental observations
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(Seikova et al., 1992; Buchbender and Pfennig, 2012). The author’s own implementation of the
exit frequency model by Kirou (1990) showed that the model allows drop residence times of
0 that do not make sense from a physical point of view. Furthermore, residence-time distribu-
tions calculated with the Kirou model monotonically decrease with time while the experimental
data from other authors (Seikova et al., 1992; Steinmetz, 2007; Buchbender and Pfennig, 2012)
suggest that the residence times are distributed more like a Feller distribution (Feller, 1968).
2.2.3 Swarm velocity
Up to this point only drop sedimentation of single-drops has been focused on. Depending on the
size of the extraction column, however, there are thousands to millions of drops. Sedimentation
velocity of an individual drop moving in a drop swarm is significantly reduced compared to its
single-drop velocity. The drop’s sedimentation velocity in a swarm mainly depends on drop
size and hold-up. In ReDrop, swarm velocity vs in Ku¨hni compartments is modelled with the
commonly-used approach by Richardson and Zaki (1954):
vs = vchar(1  e)n ; (2.28)
where the dispersed phase hold-up is defined as:
e =
Vd
Vd+Vc
: (2.29)
Here, Vd and Vc are the overall volumes of the dispersed and continuous phase. In ReDrop,
the hold-up e of the hold-up element in which the drop is present is used (see section 2.1).
Following the work of Casamatta (1981), Modes (2000), Attarakih (2004), Steinmetz (2007)
and Kalem et al. (2011), the swarm exponent n = 1 is used. For the description of the swarm
velocity of drops outside Ku¨hni compartments, for example for drops in the phase inlet and outlet
regions at the bottom and top of the extraction column, the swarm model by Henschke (2004) is
used.
2.2.4 Absolute velocity
Due to the counter-current flow of the continuous phase, a drop’s velocity relative to the column
wall vabs is lower than its velocity relative to the continuous phase. For the calculation of vabs,
plug flow of the continuous phase with the velocity
vc =
V˙c
AC
(2.30)
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is usually assumed (Henschke, 2004; Schmidt, 2006; Steinmetz, 2007; Klinger, 2008; Altunok,
2009; Kalem et al., 2011). In Eq. 2.30, V˙c is the volume flow rate of the continuous phase and AC
the cross-sectional area of the column. For columns with rotating internals, the cross-sectional
area of the shaft is subtracted from AC. Furthermore, the increase in continuous phase velocity
due to the dispersed phase hold-up e is accounted for. This leads to:
vabs = vs  vc
(1  e) : (2.31)
Here, vs is the swarm velocity of the drop. It is determined with Eq. 2.28 if the drop is inside a
compartment and with the swarm-sedimentation model of Henschke (2004) if the drop is outside
a compartment.
2.3 Drop breakage
Drop breakage in Ku¨hni columns is mainly caused by velocity gradients induced by the rotation
of the impeller. While in Ku¨hni compartments with blade impellers, drop breakage predomi-
nantly occurs in the vicinity of or directly at the impeller blade, in compartments with turbine
impellers and perforated stators, drop breakage mainly takes place in the impeller jet due to high
velocity gradients in this region (Steinmetz, 2007). In contrast to this, Fang et al. (1995) report
that drop breakage in compartments with turbine impellers and perforated stators mainly occurs
at stator holes.
To describe drop breakage, in ReDrop the breakage model of Schmidt (2006) is used. This
model does not distinguish between different compartment regions for drop breakage. Schmidt
(2006) developed the following correlation for breakage probability based on the results achieved
by Bahmanyar and Slater (1991), Cauwenberg (1995) and Modes (2000) and fitted the model
parameters to experimental data from single-drop experiments:
pB
1  pB
= 1:210 3

Wemod
1+0:476hd[Wemod=sdMrd]0:5
2:58
: (2.32)
Here, pB describes the probability of a drop breaking during its passage through the compartment
and Wemod is the modified Weber number:
Wemod =
r0:8d h
0:2
c dMD
1:6
R (2p)
1:8(N1:8 Ncrit)1:8
s
: (2.33)
Wemod characterizes the ratio between the destructive forces of the flow in the compartment and
the stabilizing forces of the interfacial tension for a drop with a diameter dM. In addition to a
former approach for Wemod by Modes (2000), Schmidt (2006) accounted for the viscosity of the
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dispersed phase as a drop stabilizing factor in Eq. 2.32. The critical impeller speed Ncrit is defined
as the impeller speed at which a drop with the diameter dM begins to split and is calculated using
the correlation of Schmidt (2006):
Ncrit = 0:136
D 2=3R hdd
 4=3
M
2(rcrd)0:5
+24 0:136D 2=3R hdd 4=3M
2(rcrd)0:5
!2
+0:0285
s
rcD
4=3
R d
5=3
M
350:5 : (2.34)
Bart et al. (2004) fitted the parameters in Eqs. 2.32 and 2.34 to experimental data with the liquid-
liquid systems toluene (d) + water (c) + acetone, n-butyl acetate (d) + water (c) and isotridecanol
(d) + water (c).
Since in ReDrop drop breakage is stochastically mapped every time step Dt with the algorithm
described in Fig. 2.1, pB is normalized as:
pB = pB
vabs
HC
Dt : (2.35)
Drop breakage in Ku¨hni compartments can produce up to 12 daughter drops (Schmidt,
2006). In ReDrop, the actual number of daughter drops ndaug produced during the breakage
process is described with the correlation developed by Garthe (2006) based on the model by
Hancil and Rod (1988) and single-drop breakage experiments:
ndaug = 2+0:03

dM
dcrit

 1
2:45
; (2.36)
where dcrit characterizes the diameter of a drop at which drop breakage begins to occur. dcrit is
calculated iteratively with Eq. 2.34 using the current impeller speed N instead of Ncrit. The ndaug
obtained is then rounded to the nearest integer.
In order to determine the diameters of the drops produced during drop breakage, the following
number-density distribution is employed:
q0 = 3(ndaug 1)
"
1 

d
dM
3#(ndaug 2) d2
d3M

: (2.37)
By using the conversion method given by Lechonski et al. (1974), the number-density distribu-
tion in Eq. 2.37 was obtained from the volumetric density distribution given in Garthe (2006) and
Schmidt (2006). Garthe (2006) proved this function to be suitable for describing daughter drop-
size distributions in Ku¨hni and Rotating Disc Contactor compartments as well as in columns with
structured packings or sieve trays. In the event of drop breakage, the diameters of the daughter
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drops are determined from the number-density distribution, employing the accept-reject method
(Gamerman and Lopes, 2006; McLeish, 2005).
2.4 Drop coalescence
In ReDrop, drop coalescence in Ku¨hni compartments is described using the coalescence model
of Henschke (2004), which is based on an approach developed to describe the dense-packed
layer in a settler:
pC =
Dtes1=3H1=6cd
p
gjrc rdj
CChcd1=3
: (2.38)
In Eq. 2.38, the Hamaker coefficient Hcd is set to 10 20 Nm due to a lack of sufficiently accurate
data for individual material systems. The coalescence parameter CC characterizes the coales-
cence properties of the material system and has to be fitted, for example, to lab-scale experiments
with drop swarms (Simon, 2004; Klinger, 2008; Kopriwa, 2013) or pilot-plant experiments using
the drop-size distribution, Sauter mean diameter or hold-up as a reference (Kalem et al., 2011;
Buchbender et al., 2012a). Drop breakage and coalescence according to the calculated probabil-
ities pB and pC is then carried out with the algorithm presented in Fig. 2.1.
2.5 Mass transfer
Mass transfer in ReDrop is calculated employing the two-film theory. The mass of transfer
component
Dm= pd2Dt
y  y
1
rdbd
+ y

rcbc
(2.39)
that is transferred in the time step Dt from one phase to the other is determined using the model of
Henschke (2004) for the calculation of the individual mass-transfer coefficient of the dispersed
phase:
bd =
Deff
d
s
4d2
pDefft
+p4 : (2.40)
Henschke (2004) found that the mass-transfer resistance in the dispersed phase is the limiting
factor during mass transfer. As a results, the mass-transfer coefficient of the continuous phase
bc can be set to some arbitrarily high value. Here, bc = 10100 is used rendering the continuous-
phase side of the interface having negligible mass-transfer resistance in the simulation. It should,
however, be mentioned that this only holds for systems with relatively low viscosities. Investi-
gations by Adinata (2011) showed that with a high viscosity continuous phase, the mass-transfer
resistance in this phase has to be accounted for.
Furthermore, Henschke and Pfennig (1999) found that mass transfer is about 1.5 times faster
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inside a countercurrent extraction column than during single-drop mass-transfer experiments
(Henschke and Pfennig, 1999; Henschke, 2004; Altunok et al., 2012). This is because in counter-
current extraction columns, the driving force for mass transfer (concentration gradient) is main-
tained for the entire passage of a drop through the column, while during single-drop experi-
ments, the concentration of the transfer component in the continuous phase remains more or
less constant. In his model, Henschke (2004) accounted for this effect by correlating bd with
Eq. 2.40. In Eq. 2.40, the effective diffusion coefficient Deff is calculated with the model of
Henschke and Pfennig (1999):
Deff = Dd+
v¥d
Cip

1+ hdhc
 : (2.41)
In Eq. 2.41 Cip is the instability parameter that accounts for mass-transfer-induced turbu-
lence that improves convection at the interface. It has to be fitted to experimental data from
lab-scale mass-transfer experiments with single drops in Ku¨hni compartments (Garthe, 2006;
Ayestera´n and Pfennig, 2010a,b).
2.6 Axial dispersion
Axial dispersion describes the extraction column’s deviation from ideal plug-flow behaviour.
Axial dispersion has a negative effect on the column’s separation efficiency since it reduces
the driving force for mass transfer, namely the concentration difference of transfer component
between continuous and dispersed phase. In Ku¨hni columns, axial dispersion of the dispersed
phase is caused by different drop velocities. These different drop velocities are, on the one hand,
a result of the drop-size distribution and on the other hand a result of the fact that drops of the
same diameter have a residence-time distribution inside compartments (see subsection 2.2.2).
Thus, axial dispersion of dispersed phase is accounted for by the sedimentation model presented
in subsection 2.2.2.
In ReDrop, axial dispersion of the continuous phase in Ku¨hni columns is described with the
model of Breysse and Bu¨hlmann (1983):
Dax;c
HCvc
= 0:14+0:046

NDR
vc

j : (2.42)
With increasing open-area fraction of the stators, axial dispersion of the continuous phase in-
creases linearly. Eq. 2.42 is valid for Ku¨hni columns with diameters of up to DC = 800 mm.
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The modelling of drop residence times in Ku¨hni compartments was done based on lab-scale
experiments with single drops. Before presenting the lab-scale cells and the experimental proce-
dure, the material systems used shall be introduced.
3.1 Material systems
Experiments were performed at room temperature (20C  2C) with the following material
systems:
 standard-test system toluene (d) + water (c) proposed by Misek et al. (1985)
 toluene (d) + 20.85 wt.% PEG4000 in water (c)
 polypropylene spheres (d) + water (c)
The standard test-system toluene (d) + water (c) was used for the majority of the experimental
investigations. This system was chosen since it has relatively high interfacial tension, which
reduces unwanted drop breakage during the residence-time measurements. Distilled toluene
was used as the dispersed phase and bi-distilled water + 50 mmol/L NaCl as the continuous
phase. NaCl was added in order to stabilize the system (Soika and Pfennig, 2005). The physical
properties of the liquid-liquid system are given in Tab. 3.1.
Table 3.1: Physical properties of toluene (d) + water (c) at 20C (both phases mutually saturated)
(Henschke, 2004).
physical property distilled toluene bi-distilled water
density r [kg/m3] 865.9 998.1
viscosity h [mPa s] 0.5828 1.009
interfacial tension s [N/m] 0.034
To investigate the influence of a viscous continuous phase on drop residence times in Ku¨hni
compartments, the liquid-liquid system toluene (d) + 20.85 wt.% PEG4000 in bi-distilled water
(c) was used. Polyethylene glycol (Lipoxol 4000, batch code.: 10/16) with a mean molecular
weight of 4000 mole was purchased from Sasol Germany GmbH (Marl, Germany). The given
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Table 3.2: Physical properties of toluene (d) + 20.85 wt.-% PEG4000 in water (c) at 20C (both
phases mutually saturated).
physical property distilled toluene 20.85 wt.-% PEG4000 in bi-distilled water
density r [kg/m3] 866.6 1033.6
viscosity h [mPa s] 0.583 10.2
interfacial tension s [N/m] 0.017
composition of the continuous phase resulted in a viscosity which is 10 times higher than the
viscosity of pure water (see Tab. 3.2).
In order to determine the effect of the hydrodynamics inside the compartments on the interface,
experiments with rigid polypropylene spheres (Kugelfertigung Hoch KG, Haßfurt, Germany)
were conducted. These spheres had diameters of 2 and 4 mm. Tab. 3.3 shows the PP-spheres
densities determined and the size tolerances given by the manufacturer.
Table 3.3: Size tolerances and densities of polypropylene spheres at 20C.
physical property 2 mm 4 mm
density r [kg/m3] 891.7 890.0
diameter tolerance [mm]  0.05
maximum unroundness [mm]  0.03
3.2 Experimental setup and procedure
In the following section, the experimental setup and procedure are presented. The setup for the
three single-drop cells used in this work are described. These three single-drop cells are:
 a DN80 cell without internals for terminal drop-velocity measurements
 a DN60 cell with Ku¨hni compartments for measurement of drop/sphere residence times
 a DN150 cell with Ku¨hni compartments for measurement of drop residence times
3.2.1 Measurements of terminal velocities
Terminal velocities of toluene drops in water as well as in water + 20.85 wt.-% PEG4000 were
measured in the lab-scale cell shown in Fig 3.1. The cell had a height of 0.5 m and an inner
diameter of 80 mm. Toluene drops were injected into the cell through a glass nozzle which was
attached to a computer-driven syringe system (Microlab M, Hamilton, Darmstadt, Germany).
Four markings with a distance of 100 mm were used for the evaluation of terminal velocities. At
the beginning of the experiment, the cell was filled with the continuous aqueous phase. Using the
syringe system, drops with a defined volume were injected into the cell and their sedimentation
was recorded at a distance of 1 m with a video camera (HCD-SD600, Panasonic, Japan). In total,
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10 different drop diameters between 0.98 and 5 mm were recorded with 10 drops per diameter
in order to minimize stochastic effects. The video recordings were later evaluated using the
computer program “VirtualDub” version 1.9.6.
Figure 3.1: Diagram of single-drop sedimentation cell.
3.2.2 Measurements of drop/sphere residence times in Ku¨hni
compartments
The measurements of drop residence times in Ku¨hni compartments were performed with a DN60
and a DN150 glass lab-scale cell, as shown in Fig. 3.2. The lab-scale cells were purchased from
Sulzer Chemtech AG (Allschwil, Switzerland).
The DN60 cell had a height of 0.6 m and an inner diameter of DC = 60 mm, while the DN150
cell had a height of 1 m and an inner diameter of DC = 150 mm. 5 Ku¨hni compartments made
of stainless steel were installed in the centre of the cells. The standard compartment geometry
and the geometric values varied for both cells are given in Tab. 3.4. The geometric parameters
given in Tab. 3.4 are defined in Figs. 3.3 and 3.4 while the geometric parameters of the perforated
stators investigated are given in Fig. 8.1.
The impellers were driven with a stirrer motor (EUROSTAR power control-visc, IKAr-
Werke GmbH & CO. KG, Staufen, Germany). For experiments with a counter-current flow
of the continuous phase, a circulation system driven by a gear pump (Verdergear Liquiflo 35FS,
Verder, Haan, Germany) was connected to the cell. The flow rate was controlled by a variable-
area flowmeter (BGN-S109CL000-0-S26-0, HeinrichsMesstechnik GmbH, Cologne, Germany).
The counter-current flow entered the cell at the top left flange and left it at the bottom right flange
(see Fig. 3.2).
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Figure 3.2: Diagram of single-drop cell with Ku¨hni compartment.
In order to account for suction effects caused by the adjacent compartments (Haunold et al.,
1990; Seikova et al., 1992), only the drop movement in the middle of the 5 compartments was
recorded. This was recorded at 60 frames/s with a high-speed camera (DS1-D1024-160-PC-10,
Photonfocus, Lachen, Switzerland; Nikon DSLR D3200 + Nikon AF-S Micro Nikkor 105mm
1:2.8G ED lens). By means of a mirror which was attached at a 45 angle to the viewing axis
(see Fig. 3.2), not only the front view but also the side view of the compartment was recorded.
Drops were injected into the cell through a glass nozzle with the same injection system used for
the terminal-velocity measurements (see subsection 3.2.1). Here, the tip of the glass nozzle was
placed at the inlet of the bottom compartment. Since impurities in the system greatly influence
the sedimentation velocity, the purity of the system was checked before and after each set of
experiments by measuring the terminal velocity of 2.5 to 3.5 mm drops and comparing it to the
respective reference velocity (see subsection 3.2.1). Drop diameters between 0.67 and 5 mm and
impeller speeds between 50 min 1 and 225 min 1 were investigated. For each drop diameter
and impeller speed, the drop movement of up to 100 individual drops was recorded.
For the rigid-sphere experiments, a circulation system was installed in order to inject a
polypropylene sphere into and withdraw it from the cell. The sphere was injected through a
tube whose tip was placed at the inlet of the bottom compartment. After the PP-sphere had
passed through the compartments, it was then withdrawn through a funnel at the top of the cell.
The funnel was connected by a tube to a drill-pump (2202000, Wolfcraft, Kempenich, Germany).
The PP-sphere was then pumped to the bottom of the cell, where it was injected again. In or-
der to ensure a stationary continuous phase, the pump was switched off before the PP-sphere
entered the cell and only switched on after the sphere had left the top compartment. This proce-
dure was repeated about 100 times and each passing of the single PP-sphere through the middle
compartment was recorded with the high-speed camera.
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Table 3.4: Geometry of Ku¨hni compartments (blade impeller: BI, turbine impeller: TI, ring sta-
tor: RS, perforated stator: PS).
geometry DN60 DN150
standard variations standard variations
compartment height HC [mm] 35 43.5 75 -
compartment diameter DC [mm] 60 - 150 -
impeller type BI - TI BI
number of impeller blades nbl 4 - 6 4
impeller diameter DR [mm] 40 30 85 85
impeller height HR [mm] 8 - 10 10
impeller-shroud height HRB [mm] - - 2 x 1.5 -
stator type RS - PS PS, RS
inner diameter stator DS [mm] 35 29, 39 - - , 82
open-area fraction of stator j [%] 30 20, 40 30 25, 30
stator height HS [mm] 1.5 - 1.5 -
shaft diameter DSh [mm] 10 - 20 -
Figure 3.3: Geometric parameters of compartment.
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Figure 3.4: Geometric parameters of turbine impeller and ring stator.
3.2.3 Evaluation of videos
The videos recorded during the experiments were evaluated with a computer programme devel-
oped at AVT - Thermal Process Engineering. Using this programme, the drop residence times
were not only determined for the entire compartment but also for each zone, namely the lower
zone (1), impeller zone (2), and upper zone (3), as shown in Fig. 3.5. This procedure also allows
drop back-mixing between the individual zones to be accounted for.
Figure 3.5: Zone-wise residence-time evaluation.
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Based on the experimental results obtained with the equipment and procedure described in chap-
ter 3, a first modelling approach for drop residence times in Ku¨hni compartments was devel-
oped as part of the Diploma thesis by Fischer (2012), which was supervised by the author.
Benner and Meyer (2012) and Neumann and Then (2012) then contributed to the further devel-
opment of this modelling approach as part of mini theses also supervised by the author.
The model which is presented in this chapter intends to capture the experimentally-observed
behaviour in equations suitable for column simulation with ReDrop. As a basis for this mod-
elling, 3-dimensional drop movement inside the compartment was looked at qualitatively first
before evaluating it quantitatively. In other words, drop interactions with both the vortices and
the internals, such as the impeller or the stator were examined. Phenomena such as the number of
drops hitting the upper stator or the impeller and drop back-mixing between the individual com-
partment zones (see Fig. 3.5) and compartments were evaluated quantitatively. Due to the high
number of possible independent geometric parameters, such as impeller diameter and impeller
or compartment height, only a carefully selected set of these geometric parameters were system-
atically varied in order to obtain an initial idea of their effect on the residence times of drops with
a diameter of between 0.67 mm and 5 mm and at impeller speeds between 50 - 225 min 1.
Overall model concept
In order to model drop residence time inside the compartment, the model is divided into three
sub-models, each sub-model describing drop movement in a specific zone (see Fig. 4.1), namely
the
 lower zone 1
 impeller zone 2
 upper zone 3
The algorithm of the overall model describes a drop’s movement through the three zones. First, a
drop enters the compartment at the bottom of zone 1 (see Fig. 4.1). It spends time tZone1;i in zone
1 – a time which depends on the drop’s axial velocity, which consists of the drop’s sedimentation
velocity vdrop relative to the continuous phase and its velocity vconti due to acceleration by the
29
4 The Zone-Walk Model
Figure 4.1: Concept of Zone Walk model showing the individual compartment zones.
lower toroidal vortex and counter-current flow. The index i represents the counter for the current
number of visits to the respective zone. The drop then enters zone 2, where it also remains for
a certain time tZone2;i. As with tZone1;i, tZone2;i also depends on the drop’s axial velocity but also
more importantly on its interaction with the impeller. The drop’s time tZone3;i in zone 3 not only
depends on the drop’s axial velocity but also on its interactions with the upper stator or toroidal
vortex. In all zones, a drop may either be forward- or back-mixed by the toroidal vortices and
counter-current flow. If it is forward-mixed in zone 1, it moves to zone 2. If it forward-mixed
in zone 2, it moves to zone 3 and if it is forward-mixed in zone 3, it leaves the compartment. If
a drop is back-mixed in zone 1, it moves to the next lower compartment. If it is back-mixed in
zone 2, it moves to zone 1 and if it is back-mixed in zone 3, it moves to zone 2. A drop can thus
visit each zone more than once. The summation of the accumulated time spent by a drop in each
zone until it leaves the compartment
ttot =
nvisits
å
i=1
tZone1;i+
nvisits
å
i=1
tZone2;i+
nvisits
å
i=1
tZone3;i (4.1)
is the drop’s residence time in the compartment.
This zone-wise approach was chosen in order to be able to determine the influence of different
stator and impeller geometries on drop movement. A turbine impeller, for instance, poses a
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completely different obstacle to a drop than a bladed impeller. Thus, by modelling each zone
individually, it can be hoped that it is only necessary, for example, to adjust the sub-model for
zone 2 in order to describe the influence of impeller type.
Modelling of the individual residence times tZone;i in each zone, back- and forward-mixing
between the 3 zones and the underlying physical phenomena of these processes are presented in
the following by looking at each zone individually. The parameters in the models presented in
the following sections and the principal dependencies were fitted to all compartment geometries
investigated, such as impeller diameter and type, compartment height and diameter, open-area
fraction of stator and stator type for all drop diameters and impeller speeds.
4.1 Zone 1
Drops entering the compartment generally move straight through zone 1 towards the impeller
zone. With ring stators, drops mainly enter the compartment in the region near the shaft, where
the toroidal vortex accelerates them towards the impeller (see Fig. 2.4). With perforated stators,
drops may also enter the compartment through stator holes closer to the compartment wall (see
Fig. 2.5). There, however, the toroidal vortex always accelerates them radially towards the shaft,
where they are then transported to the impeller.
In the following subsections, the effects of drop diameter, impeller speed, different compart-
ment geometry and the counter-current flow of the continuous phase on the slowing factor are
quantified. Here, only toluene drops and PP-spheres, in the following referred to as particles, that
entered zone 1 for the first time are considered, meaning that the residence times of back-mixed
particles from zone 2 are not regarded here, since they are considered separately. The slowing
factors were calculated using Eqs. 2.16 and 2.17 with the height of zone 1 (see Fig. 4.1). In
Eq. 2.16, the experimentally-found terminal velocities were used.
For the DN60 standard geometry, an evaluation of the residence times of toluene drops in
zone 1 resulted in the slowing factors shown in Fig. 4.2, where the slowing factors are plotted as
a function of drop diameter and impeller speed. Fig. 4.2 shows two things. First, it is evident that
kV;1 decreases with drop diameter. Small drops show slowing factors above 1 while for bigger
drops, kV;1 is smaller than unity. Second, while for small 1.56 mm drops, kV;1 increases with
impeller speed, it decreases for drops bigger than 1.56 mm. This means that for small drops, the
toroidal vortex has an accelerating effect on vchar, whereas for bigger drops it has a decelerating
effect.
Since absolute drop velocity in zone 1 consists of the drop’s sedimentation velocity vdrop
relative to the continuous phase and the velocity of the continuous phase vconti accelerating the
drop, these velocities are superimposed onto each other which yields the drop’s residence time
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Figure 4.2: Slowing factors in zone 1 for different diameters of toluene drops as a function of
impeller speed (DN60 standard geometry).
in zone 1:
tZone1;i =
H1
vdrop+ vconti
: (4.2)
How vconti and vdrop are affected by drop diameter, compartment geometry, impeller speed and
counter-current flow is explained in the following.
The contribution of the continuous phase velocity vconti to drop velocity consists of the super-
imposed axial velocity of the toroidal vortex vtor and the counter-current flow vc :
vconti = xacc(vtor  vc) : (4.3)
Here, xacc is an acceleration factor which accounts for three things. First, inertia increases with
drop diameter, which dampens drop acceleration by the continuous phase. Second, since bigger
drops spend less time in zone 1 due to their higher sedimentation velocity, drop-acceleration
time decreases with drop diameter. Third, the higher zone 1 is, the longer the acceleration path
for drops. Therefore, the mean contribution of the vortex velocity to a drop’s absolute velocity
in zone 1 decreases with drop diameter and increases with compartment height. To account for
this, xacc was correlated as a function of the Archimedes number and the ratio of compartment
height and diameter:
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xacc =

1:43  0:86Ar
16405:26+Ar

HC
DC
0:513
: (4.4)
The experimental slowing factors for zone 1 obtained from the experiments with different com-
partment geometry were used to establish the geometric ratios and fit the parameters in Eq. 4.4.
How vtor accelerating the drop changes with impeller speed can be quantified by considering
the residence-time distributions in zone 1. While for small drops, the maxima of the residence-
time distributions are shifted to lower residence times with increasing impeller speed, the width
of the residence-time distribution increases with N (see Fig. 4.3). This is due to two things. First,
it is due to the fact that with increasing impeller speed, on the one hand, toroidal vortex velocity
accelerating the drops in axial direction increases. The second reason is that it was observed that
the number of drops moving through zone 1 with relatively low axial velocities while circulating
very closely to the shaft increases. The latter cause can be explained by the fact that centrifugal
force and radial toroidal vortex velocity both increase with N. Both effects accelerate drops, par-
ticularly small drops, into regions very close to the shaft, where the axial toroidal vortex velocity
decreases, as Kolb (2004) showed with CFD calculations and PIV measurements. A reduction
in impeller diameter of 25% from DR = 40 mm to 30 mm does not affect the maximum but it
does reduce the tailing of the residence-time distribution for drops with diameter d = 1.56 mm at
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Figure 4.3: Comparison of residence-time distributions of drops with the diameter d = 1.56 mm
at different impeller speeds (DN60 standard geometry).
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N = 150 min 1 (see Fig. 4.4). This is because the effect of drops moving through zone 1 in the
region close to the shaft as was observed with impeller diameter DR = 40 mm was not observed
for DR = 30 mm, most probably due to weaker vortices induced by the smaller impeller.
The contribution of the toroidal vortex to axial drop velocity thus seems to be a function
of the drop’s mean radial position in zone 1. It was observed that only a small fraction of
drops move through zone 1 in the vicinity of the shaft, resulting in low axial velocities and
long residence times while most drops move through zone 1 on trajectories further away from
the shaft. These drops thus have higher axial velocities and therefore lower drop residence
times. This is also reflected by the experimentally-determined residence-time distributions (see
Fig. 4.3). It was found that employing a normally-distributed velocity function for the axial
toroidal vortex velocity resulted in a good description of experimentally-determined residence-
time distributions in zone 1 and yields for vtor:
vtor = x1(m;s2)vR : (4.5)
Here, vR is the impeller-tip velocity:
vR = pNDR (4.6)
and x1(m;s2) is a normally-distributed proportionality factor. The mean value m decreases
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Figure 4.4: Comparison of residence-time distributions of drops with the diameter d = 1.56 mm
at N = 150 min 1 for impellers with diameters DR = 40 mm and 30 mm.
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while the variance s2 increases with ReR. Correlations for m and s2 were established using
the experimentally-found residence-time distributions in zone 1:
m = xImp
p
HCDC
DR

1 1:310 2ReR H
2:7
R
D2RD
0:7
C

; (4.7)
s2 = xImp5:2510 3 exp
"
3:47344

HR
DC
2
ReR
#
: (4.8)
Here, xImp was found to be an impeller-specific parameter which is 0.23 for 4-blade impellers
and 0.079 for turbine impellers. In order to avoid unfeasibly small and high values for x1, the
following constraint was applied:
0:02 x1  0:3 : (4.9)
A normally-distributed value for x1(m;s2) is generated numerically using the Box-Muller-
method (Box and Muller, 1958).
For vc in Eq. 4.3, the counter-current flow velocity acting in the stator’s free cross-section As
is employed:
vc =
AC
AS
vc : (4.10)
This is because it was found that the slowing factors
kV;1 =
vchar
v¥
=
H1=tm+ vc
v¥
(4.11)
with counter-current flow are lower than without such flow for both small and big drops (see
Fig. 4.5). The counter-current flow apparently slows drops down more than plug-flow conditions
over the entire cross-section of the compartment would. There are two explanations for this.
First, due to the no-slip condition at the compartment wall, shaft and stator surfaces, there is
in fact no plug flow inside the compartment, which due to continuity results in locally higher
counter-current flow velocities. Second, the active cross-section for counter-current flow be-
comes narrower upon stator transition, which due to continuity increases the velocity of the
counter-current flow in this region.
Having introduced all necessary parameters for vconti, parameters affecting
vdrop = xdv(dsw;mod) (4.12)
are discussed next by considering experimentally-quantified phenomena.
In Fig. 4.6, the slowing factors of the systems toluene (d) + water (c) and PP-spheres (d) + wa-
ter (c) are compared. Additionally, for the system PP-spheres (d) + water (c), the slowing factors
of PP-spheres that did not hit the lower stator before entering the compartment are compared to
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Figure 4.5: Comparison of slowing factors in zone 1 with and without counter-current flow
(DN60 standard geometry).
the slowing factors of all PP-spheres. Fig. 4.6 shows three main things. First, it becomes evident
that the slowing factors of 4 mm PP-spheres are significantly higher than those of 3.5 mm toluene
drops. This can be explained with the internal circulation of big drops (see subsection 2.2.1) be-
ing hindered by the tangential and radial shear forces acting at the interface and thus reducing
the drop’s velocity. However, for rigid PP-spheres there is no internal circulation in the first
place. In order to account for the influence of shear forces on internal drop circulation, dsw of
the Henschke sedimentation model (see Eq. 2.10), which scales the drop diameter at which inner
circulation sets in, was modified as a function of the dimensionless drop diameter:
dsw;mod = dsw

0:0415
3p
Ar

: (4.13)
The second effect shown in Fig. 4.6 is that PP-spheres with the diameter d = 4 mm, even
those without stator impact, have slowing factors smaller than 1, which means that although the
toroidal vortex accelerates them axially, there must be an additional effect slowing down particle
sedimentation relative to the continuous phase. This additional effect can be explained by the
fact that the impeller induces a three-dimensional velocity field, which leads to axial, tangential
and radial shear forces acting at the particle’s interface. Radial and tangential relative velocities
contribute to the drag force in axial direction (Mu¨ller, 2009). In other words, the higher these
velocities become, e.g., as a consequence of increasing impeller speed, the higher the drag force
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Figure 4.6: Slowing factors in zone 1 for different diameters of toluene drops and PP spheres
with and without stator impact as a function of impeller speed (DN60 standard geometry).
slowing down particle sedimentation. Since the tangential and radial relative velocities at the
particle interface change with time and place, it is not possible to determine the increase in drag
force quantitatively without CFD. The parameter xd accounting for this reduction in particle
velocity was therefore correlated as a function of the impeller Reynolds number:
xd =min
(
1;0:944

DC
nbl;effHR
0:4
exp
"
 2:36610 4

DC
nbl;effHR
0:9
ReR
#)
: (4.14)
The effective number of impeller blades nbl;eff, which for bladed impellers corresponds to the
number of impeller blades, is set to 4 for turbine impellers. Eq. 4.14 was established using
the experimentally-found residence-time distributions in zone 1 for the compartment geometries
investigated.
The third effect shown in Fig. 4.6 is that PP-spheres without prior stator impact have slowing
factors higher than those of all measured PP-spheres containing PP-spheres with and without
stator impact. For toluene drops, stator impact also influences drop residence time in zone 1.
This can be quantified by considering the residence-time distributions of big toluene drops shown
in Fig. 4.7. Here, for all impeller speeds, the residence-time distribution shows two maxima. The
left maximum corresponds to the residence time of drops that did not hit the lower stator and the
right maximum to drops that did hit the lower stator before entering the compartment. For all
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Figure 4.7: Residence-time distributions of drops with the diameter d = 3.5 mm at different im-
peller speeds (DN60 standard geometry).
three impeller speeds, roughly 50% of the drops hit the stator.
The reason for longer residence times after stator impact is that after stator impact, drops have
to accelerate from 0 to v¥. Considering that, depending on drop size, it takes roughly four times
the drop’s diameter to reach v¥ (Henschke, 2004), a 3.5 mm drop, for instance, needs a longer
acceleration path than the height of zone 1 to reach its terminal velocity while for a 1.56 mm
drop, v¥ is reached after less than half the height of zone 1.
As a consequence, while for drops without stator impact v in Eq. 4.12 is set to v¥(dsw;mod)
yielding
vd = vdrop = xdv¥(dsw;mod) ; (4.15)
for drops with stator impact, particle acceleration from 0 to their terminal velocity has to be ac-
counted for. This is done by approximating drop acceleration as a function of the dimensionless
distance x=4d with:
v(x)
v¥(dsw;mod)
=
h
1  exp

 4 x
4d
i
: (4.16)
Fig. 4.8 shows drop acceleration as a function of the dimensionless acceleration path x=4d deter-
mined with Eq. 4.16 compared to drop acceleration for different drop diameters obtained from
a non-steady force balance (see section 8.5). Here, the drag coefficient cd was determined with
the correlation by Schiller and Naumann (1933), which is, however, only valid for rigid spheres.
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Since drag forces of the investigated material system toluene (d) + water (c) are reduced due to
the system’s interfacial mobility, cd was scaled so that the terminal velocity determined with the
force balance matched v¥(dsw;mod). Fig. 4.8 shows that small drops need a shorter acceleration
path to reach their terminal velocity than big drops and that Eq. 4.16 is a reasonable approxima-
tion of drop acceleration.
In addition to a drop accelerating to its terminal velocity, a drop is accelerated by the toroidal
vortex and decelerated by the counter-current flow. Hence, the drop’s own acceleration path is:
hacc;1 = H1  [xacc(vtor  vc)]tZone1;i = xdvtZone1;i : (4.17)
The mean drop velocity v along the acceleration path hacc;1 is determined by integrating Eq. 4.17
and dividing it by x=d:
v=

1  exp( x=d) 1 x=d

v¥(dsw;mod) : (4.18)
With x corresponding to hacc;1 and using Eqs. 4.17 and 4.18, tZone1;i for drops with prior stator
impact is then determined using the secant method. Information on whether a drop hits the stator
prior to entering the compartment is determined with the sub-model for zone 3 (see subsec-
tion 4.3). For drops entering the compartment without prior stator impact, tZone1;i is determined
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Figure 4.8: Comparison of drop acceleration determined with Eq. 4.16 and non-steady force bal-
ance for different drop diameters.
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with Eq. 4.2.
Residence time of drops back-mixed from zone 2 to zone 1
To account for the residence time of drops that are back-mixed from zone 2 into zone 1, it is
assumed that these drops are transported from the impeller downwards to the compartment inlet
by the toroidal vortex in the region near the compartment wall. The time needed for this drop
transportation is estimated with the equation by Holmes et al. (1964) describing the spinning
frequency of a toroidal vortex:
tback;1 =
1
2
0:85
N

DC
DR
2
: (4.19)
In Eq. 4.19, the factor 0.5 accounts for the fact that the drop only needs to travel half the toroidal
vortex. With Eqs. 4.3, 4.12 and 4.19, the drop’s residence time for Zone 1 during visit i then
yields:
tZone1;i =
H1
vdrop+ vconti
+ tback;1 : (4.20)
Drop back-mixing to next lower compartment
In counter-current extraction columns, very small drops are often entrained by the continuous
phase. This was also observed during the single-drop experiments conducted with counter-
current flow. Here, drops were entrained by the continuous phase, thus meaning that they were
back-mixed from zone 1 to the next lower compartment. Back-mixing increases with decreas-
ing drop diameter (see Fig. 4.9). Here, drops were back-mixed both after just having entered
zone 1 for the first time as well as after already having been back-mixed from zone 2 to zone 1.
Since drop back-mixing to a lower compartment is a stochastic process, a stochastic modelling
approach is used here employing the probability
pback;1 = 1  vdvc
(4.21)
that a drop is back-mixed from zone 1 to the next lower compartment. In order for such back-
mixing to happen, the velocity of the counter-current flow in the vicinity of the stator cross-
section has to be higher than drop sedimentation velocity. Each time a drop enters zone 1, a
uniformly-distributed random number s is generated. If s < pback;1, the drop is back-mixed to
the next lower compartment. If s pback;1 the drop enters zone 2.
To sum up this section, the sub-model for zone 1 presented here allows for both accurate
calculation of drop residence times in zone 1 (see Fig. 4.10) as well as description of drop back-
mixing to the next lower compartment.
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Figure 4.9: Fraction of drops being back-mixed from zone 1 to next lower compartment (DN60
standard geometry).
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Figure 4.10: Comparison of calculated and experimentally-determined residence-time distribu-
tions of drops with the diameter d = 1.56 mm at different impeller speeds (DN60 standard
geometry).
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4.2 Zone 2
In this section, drop behaviour in the impeller region is examined. This behaviour is mainly
influenced by the impeller geometry and the radial jet induced by the impeller. Experiments
showed that with 4-blade impellers, drops may easily pass the impeller region at low impeller
speed but are hit by the blades more often with increasing impeller speed and are thus hindered
in their movement through the impeller zone. This means that drops may circulate around the
shaft in the impeller region for a certain time before leaving zone 2.
This is in contrast to turbine impellers, which pose a significant obstacle for drops, in particular
at low impeller speed. With turbine impellers, two different drop paths were observed during
experiments. Drops either pass the impeller region through the impeller vanes or they circumvent
the impeller itself completely. This is because with turbine impellers, the streamlines of the
toroidal vortices split, with one part taking the path through the impeller vanes while the other
part moves parallel to the impeller towards the compartment wall (see Fig. 4.11). This was
shown by Kolb (2004) using CFD. For the DN150 standard geometry, the radial position where
the streamlines split is at roughly 0:7DR2 .
Figure 4.11: Qualitative plot of splitting continuous-phase streamlines underneath turbine
impeller.
At low impeller speed, a significant number of drops hit the lower impeller shroud before being
accelerated towards the impeller tip or into the impeller vanes. With increasing impeller speed,
however, the stronger toroidal vortex induced by the impeller accelerates the drops radially and,
in turn, guides them around the impeller or sucks them into impeller vanes without prior shroud
impact. This decreases drop residence time in the impeller region.
Because bladed and turbine impellers have these different effects on drop movement in zone 2,
individual modelling for each impeller type is necessary. Modelling of these two impeller types
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will be presented in the following two subsections.
4.2.1 4-blade impeller
In the experiments with 4-blade impellers, two main effects were observed: First, a drop’s chance
of getting hit by one of the blades increases with impeller speed and decreases with sedimentation
velocity. Second, although bigger drops have higher sedimentation velocities, their increased size
makes them more prone to impeller impact.
To gain a quantitative understanding of drop behaviour in zone 2, a typical residence-time
distribution of a 2.56 mm drop for the impeller zone at N = 150 min 1 is shown in Fig. 4.12.
This figure shows that drop-residence times in zone 2 decrease nearly exponentially, meaning
that most drops pass zone 2 practically unhindered while some drops are apparently slowed
down by the impeller.
The minimal residence time of drops in zone 2 (see Fig. 4.12) is therefore described with:
tmin =
HR
vmax;2
: (4.22)
In Eq. 4.22, the highest possible drop velocity vmax;2, which corresponds to the maximum of the
residence-time distribution in Fig. 4.12 is found to be:
vmax;2 = vd+0:27vR  vc : (4.23)
How the impeller affects drop residence times in zone 2 for different drop diameters and
impeller speeds is shown in Fig. 4.13. From this figure it is evident that with all drops apart from
those with diameters of 1.56 and 1.93 mm at low impeller speed, the slowing factor decreases
with drop diameter. In addition, the slowing factor first decreases with impeller speed up to
N = 150 min 1 and then increases again. The reason for this becomes clear when the percentage
of drops that enter zone 2 and are then back-mixed to zone 1 is considered as a function of
impeller speed (see Fig. 4.14).
With the DN60 standard geometry, for drops with a diameter of 1.56 or 1.93 mm, back-mixing
from the impeller zone to zone 1 starts at N = 100 min 1 and increases exponentially with
impeller speed. A large amount of back-mixing at N = 200 min 1 leads to drops exiting zone 2
more frequently, which reduces their residence time in the impeller region and, in turn, increases
kV;2. For the DN60 standard geometry, only very few drops with diameters of 2.56 mm were
back-mixed at N = 150 min 1 and back-mixing was not observed at all for bigger drops.
Both a reduction in impeller diameter from DR = 40 mm to 30 mm and an increase in com-
partment height from HC = 35 mm to 43.5 mm strongly decreases back-mixing from zone 2 to
zone 1 (see Fig. 4.14). A smaller impeller makes it easier for drops to pass the impeller region,
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Figure 4.12: Zone 2 residence-time distribution of 2.56 mm drops at N = 150 min 1 (DN60
standard geometry).
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Figure 4.13: Slowing factor in zone 2 as a function of impeller speed for different drop diameters
(DN60 standard geometry).
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Figure 4.14: Comparison of fractional drop back-mixing from zone 2 to zone 1 as a function of
impeller speed for different drop diameters, impeller diameters and compartment heights.
since on the one hand, the region between impeller and compartment wall increases and on the
other hand, the intensity of the lower toroidal vortex transporting the drop from zone 2 to zone
1 decreases. One reason for the significant reduction in back-mixing when increasing the com-
partment height could be the reduced intensity of the toroidal vortex due to an increased wall
area where friction occurs.
Not only compartment geometry affects back-mixing, but also the counter-current flow of the
continuous phase significantly influences back-mixing by increasing it as shown in Fig. 4.15.
This figure demonstrates that with active counter-current flow, even a significant fraction of big
drops with a diameter of d = 2.97 mm are back-mixed while without counter-current flow, no
back-mixing was observed for these drops. This is due to the additional axial velocity component
in the impeller zone caused by the counter-current flow, since this slows drops down, making
them more prone to getting hit by an impeller blade and being dragged into zone 1.
How the phenomena introduced in the last paragraphs are modelled is explained in the follow-
ing. A drop’s residence time in zone 2 and whether a drop is back-mixed to zone 1 is random
to a certain degree. Therefore, a stochastic modelling approach was chosen. This approach is
based on exit frequencies, such as back-mixing frequency fback;2 to zone 1 and forward-mixing
frequency fforw;2 to zone 3.
Slowing factors and the corresponding residence-time distributions as a function of drop di-
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Figure 4.15: Comparison of fractional drop back-mixing from zone 2 to zone 1 as a function of
impeller speed with and without counter-current flow (DN60 standard geometry).
ameter and impeller speed were then used to determine the necessary overall exit frequency for
zone 2:
ftot;2 = fforw;2+ fback;2 : (4.24)
The ratio of fforw;2 and fback;2 was fitted by employing experimental back-mixing data
(see Figs. 4.14, 4.15 and 8.6). Using this as a basis, correlations for both exit frequencies were
established. The back-mixing frequency for zone 2 is:
fback;2 = 0:24nbl;effN
 
D5:2C
H4:8C D
0:4
R
!
vR+ vc
vd
d2
D2C D2R

ln

vR+ vc
vd

 1

: (4.25)
Here, the product of the number of impeller blades nbl;eff and impeller speed represents the
frequency with which a stationary drop would be hit by an impeller blade. The ratio of vR+vc to
vd accounts for the velocity of the toroidal vortex and counter-current flow causing back-mixing
and the competing drop velocity. Additionally, the ratio of a drop’s cross-sectional area to the
cross-section between compartment wall and impeller is taken into account. This is done since
big drops are hit by an impeller blade more easily, which promotes back-mixing. On the other
hand, a bigger cross-sectional area between impeller and compartment wall increases the chance
of drops passing zone 2 without being hit by the impeller. The term incorporating geometric
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ratios scales the influence of compartment height, compartment diameter and impeller diameter
on fback;2.
The forward-mixing frequency f forw;2 was then established employing Eqs. 4.24 and 4.25:
fforw;2 = nbl;effNRed
D2RHR
D3C

8:1310 5D
2
C D2R
d2
+1:5910 2

exp

99
3pAr  1:61

vd
vR+ vc

:
(4.26)
As in Eq. 4.25, in Eq. 4.26 the product of the number of impeller blades and impeller speed is
used. The drop’s Reynolds number
Red =
dvdrc
hc
(4.27)
accounts for the drop withstanding the hindering influence of the impeller. In Eq. 4.26, the
inverse ratio of the drop’s cross-sectional area to the cross section between compartment wall
and impeller as well as the inverse ratio of vR+ vc to vd in the exponential term are used. The
dimensionless drop diameter in the exponential term describes the fact that bigger drops are
hindered more than smaller drops in passing the impeller region.
Having established correlations for both back- and forward-mixing, these frequencies have to
be mapped stochastically. This is done using the stochastic approach shown in Fig. 4.16. Here,
a uniformly-distributed random number s between 0 and 1 is generated at the beginning of time-
step Dt. The drop leaves zone 2 if s  ftot;2Dt. ftot;2Dt describes the probability of the drop
leaving the impeller zone in the given time step. For s  fback;2Dt, the drop is back-mixed to
zone 1. If s falls in the central interval (see Fig. 4.16), the drop enters zone 3 and if s falls in the
right interval, the drop remains in zone 2 for at least another time step Dt. This algorithm is then
repeated with a new random number being generated each time until s ftot;2Dt.
For a given time increment Dt, the probability of a drop leaving zone 2 cannot be higher than
Figure 4.16: Stochastic algorithm for exit-frequency mapping.
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100%, which results in the following condition:
ftotDt  1 : (4.28)
Thus, the time step Dt has to be sufficiently small. Dt is therefore determined as a function of
ftot;2:
Dt =
1
10i
s : (4.29)
In Eq. 4.29, i = 1 is increased by 1 as long as the condition in Eq. 4.28 is not fulfilled. Finally,
the total amount of time the drop has spent in zone 2 during visit i is calculated by:
tzone2;i = tmin+åDt : (4.30)
This subsection has described the sub-model for zone 2 with blade impellers. The ability of
this model to describe drop residence-time distribution using the stochastic method presented is
shown in Fig. 4.17. This figure shows that the model calculation of the zone 2 residence-time
distribution for a drop with a diameter of d = 2.56 mm at N = 150 min 1 is in good agreement
with the experimentally-determined distribution.
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Figure 4.17: Comparison of calculated and experimentally-determined zone 2 residence-time
distribution of 2.56 mm drops at N = 150 min 1 (DN60 standard geometry).
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4.2.2 Turbine impeller
As described at the beginning of section 4.2, there are 2 paths a drop can take through the turbine-
impeller zone. On either path the drop may hit the lower impeller shroud, as shown in Fig. 4.18.
The total time a drop spends in zone 2 thus consists of the time tshroud it remains underneath the
lower impeller shroud and the time t2; j it needs to pass either the impeller vanes or the jet-region
outside the impeller:
tzone2;i = tshroud+ t2; j : (4.31)
Here, the index j represents the drop’s path. Depending on its radial position in zone 1, a drop
is accelerated either towards the inlet of the impeller vanes (see paths 2a and 2b) or towards the
compartment wall (see paths 1a and 1b). This acceleration takes place in a region with the height
h1. Due to increasing centrifugal forces and the radial velocity of the lower toroidal vortex at the
compartment inlet, the drop’s radial position changes to lower values with increasing impeller
speed (see section 4.1). Velocity fluctuations of the toroidal vortex introduce a certain degree
of randomness regarding the drops radial position in zone 1. When using CFD, these velocity
fluctuations are usually mapped with statistical turbulence models. In the Zone-Walk model,
the stochastic effect regarding the drop’s radial position in zone 1 is therefore mapped with a
normally-distributed radial-drop position rdrop(m;s2) with a mean value m that decreases with
increasing impeller speed:
m =

xSta 410 6ReR
DC
2
: (4.32)
Figure 4.18: Possible paths for drops approaching a turbine impeller.
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The correlation for m and the variance s2 = 1:73610 5 m2 were fitted to the experimentally-
determined impeller impact statistics and drop paths. Since with perforated stators, drops may
enter zone 1 closer to the compartment wall and it was observed that in such cases drops circum-
vent the impeller more frequently, the parameter xSta in Eq. 4.32 is stator-type specific. xSta is
0.427 for ring stators and 0.467 for perforated stators.
For
rdrop  0:7DR2 (4.33)
the drop takes path 1 and for
rdrop < 0:7
DR
2
(4.34)
it takes path 2. A drop moving with the velocity
vabs;1 = vdrop+ vconti (4.35)
spends the time
t1 =
h1
vabs;1
(4.36)
in the region with the height h1. Depending on the predetermined path j, during time t

1 the drop
is accelerated radially with the velocity
vrad;1 = x1vR (4.37)
either towards the shaft or the compartment wall. This acceleration results in a new radial posi-
tion once the drop reaches the cross-section of the lower impeller shroud:
rdrop;shroud = rdrop x1vR
h1
vabs;1
: (4.38)
Here, the product of the proportionality factor x1 and the height h

1 was fitted to 1:15 10 3
by using experimentally-determined impeller-impact statistics (see Fig. 8.8). The previously-
designated drop path determines the algebraic sign in Eq. 4.38, which is positive for path 1 and
negative for path 2. The drop hits the impeller shroud for:
Din;vanes
2
< rdrop;shroud <
DR
2
: (4.39)
In this case, and depending on the drop path, the drop is either accelerated towards the impeller
tip (path 1), taking the time:
tshroud =
DR=2  rdrop;shroud
0:07vR
(4.40)
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or towards the inlet of the impeller vanes (path 2), taking the time:
tshroud =
rdrop;shroud Din;vanes=2
0:07vR
(4.41)
If there is no impeller impact, which means that the condition in Eq. 4.39 is not true, tshroud is
set to 0. The time t2; j the drop takes to circumvent the impeller (path 1) or to move through the
impeller vanes (path 2) is considered in the following.
Path 1
If a drop follows path 1, the time it takes to move through the impeller zone with the height H2
is calculated with:
t2;1 =
H2
0:65(xdv+ vtor  vc) : (4.42)
The correction factor 0.65 accounts for the reduction in drop velocity due to the impeller jet. If
there has been no prior impeller impact, v is set to v¥(dsw;mod). A drop with impeller impact has
to accelerate from 0, hence v is determined by applying the expression for drop acceleration (see
Eq. 4.16) with x= H2 and vtor is set to 0.
Path 2
Should a drop follow path 2, the time it takes to leave the impeller vanes is calculated with:
t2;2 =
DR=2 Din;vanes=2
0:108vR
: (4.43)
The parameters in Eqs. 4.40 to 4.43 were fitted to experimentally-determined slowing factors in
zone 2 (see Fig. 8.9).
Back-mixing with turbine impellers
As with bladed impellers, with turbine impellers back-mixing increases with increasing impeller
speed (see Fig. 4.19). At high impeller speed, almost all drops take the path through the impeller
vanes, which means that in principle their maximum chance of leaving the impeller with the
lower toroidal vortex leading to zone 1 is 50%. The higher the drop’s sedimentation velocity
vd and the lower the velocity of the turbine jet vjet (see Fig. 4.20), the more likely it is for the
drop to leave the impeller with the upper toroidal vortex. The ratio fback;2= fforw;2 in combination
with the stochastic approach shown in Fig. 4.16 determines if a drop is back- or forward-mixed
(see subsection 4.2.1). On the basis of the considerations made in the last paragraph, for N! ¥
this ratio should tend towards unity, as shown in Fig. 4.21. The following correlations for fback;2
and fback;2 were established using the experimentally determined back-mixing statistics shown
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Figure 4.19: Fractional drop back-mixing from zone 2 to zone 1 for compartments with turbine
impellers and perforated stators.
Figure 4.20: Qualitative plot of streamlines inside impeller vanes.
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Figure 4.21: Turbine impeller forward- and back-mixing frequencies for different impeller
speeds and drop diameters.
in Fig. 4.19:
fforw;2 = 100exp

6:131108
Re2R
3
r
vd
vR

; (4.44)
fback;2 = 100exp

 3:06510
8
Re2R
3
r
vd
vR

: (4.45)
The sum ftot;2 (see Eq. 4.24) of both exit frequencies is always bigger than 100 (see Fig. 4.21).
As shown in Fig. 4.16, ftot;2 is multiplied with the time increment Dt to yield the probability of
the drop leaving the impeller region in current time step Dt, which is scaled with Eq. 4.29 in such
a way that the probability ftotDt is not bigger than 100%. As a result, the maximum additional
time a drop remains in zone 2 for is 0.01 s, which means it leaves the turbine-impeller zone
almost immediately after the time tzone2;i determined with Eq. 4.31.
4.3 Zone 3
In zone 3 there are three phenomena that have a pronounced impact on drop residence time,
namely
 the toroidal vortex velocity de- or accelerating the drop
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 stator impact
 the drop being caught in the toroidal vortex and back-mixing
How marked these effects are strongly depends on drop diameter and impeller speed. At low
impeller speed, a drop’s residence time depends on its absolute axial velocity and on whether
or not it hits the stator. The drop velocity in zone 3 is modelled analogously to zone 1, where
the absolute drop velocity results from superimposing the drop velocity relative to the continuous
phase on the mean axial velocity component of the toroidal vortex and the velocity of the counter-
current flow.
However, while in zone 1 it was assumed that drops are generally accelerated by the toroidal
vortex in the region near the shaft, this is not the case in zone 3. Here, drops may either be
slowed down by the toroidal vortex in the region near the shaft or accelerated in the region near
the wall. With increasing impeller speed, drops are accelerated radially in the impeller region
and, hence, are more prone to moving through zone 3 in the region near the wall. Although
moving relatively fast, drops moving through zone 3 in the region near the wall are more likely
to hit the stator and thus to be hindered in exiting the compartment.
A typical residence-time distribution for zone 3 is plotted in Fig. 4.22 for a 1.93 mm drop at
a moderate impeller speed of N = 100min 1. The residence-time distribution is shaped like a
Feller distribution (Feller, 1968) with pronounced tailing. The left part close to the maximum
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Figure 4.22: Residence-time distribution of a 1.93 mm drop in zone 3 at N = 100min 1 (DN60
standard geometry).
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of the distribution is caused by drops having different axial absolute velocities since they are
de- or accelerated by the toroidal vortex depending on their mean radial pathway. The tailing of
the distribution is caused by drops that hit the stator and spend some time underneath it before
exiting the compartment. It was found that superimposing a normally-distributed velocity of the
toroidal vortex x3(m;s2)vR on the drop’s sedimentation velocity allows for the left part of the
residence-time distributions in zone 3 to be properly described. With this modelling approach,
drop-sedimentation velocities may be very similar to the superimposed countercurrent-vortex
velocity, which leads to absolute drop velocities close to 0. However, since this was not observed
experimentally, the following constraint for x3(m;s2) was employed:
x3(m;s2)vR+ vc  0:75vd : (4.46)
With the Box-Muller-method (Box and Muller, 1958) and the constraint given in Eq. 4.46, a
normally-distributed value for x3(m;s2) is generated. m and s2 are calculated with correlations
that were fitted to the normally distributed part of experimental residence-time distributions (see
Fig. 4.22):
m = 0:011
r
DC
HR
  xImp;3 111ReR : (4.47)
The mean value m of the normal distribution increases with impeller speed. This is consistent
with experimental observations that showed that radial drop acceleration in the impeller zone
increases with impeller speed. xImp;3 is 1 for both 4-blade impellers and for turbine impellers
where drops do not pass the impeller zone through the impeller vanes. In contrast, drops moving
through the impeller vanes, in particular at low impeller speed, enter zone 3 at a radial position
close to the impeller radius, where the axial velocity of the toroidal vortex is counter-current to
drop sedimentation. Axial velocity of these drops in zone 3 is significantly lower than that of
drops circumventing the impeller. To account for this, a value of xImp;3 = 3 was chosen for drops
moving through the vanes of the impeller.
Evaluating residence-time distributions for different drop diameters and impeller speeds
showed that the variance s2 decreases with N and increases with d:
s2 =

9:2110 3 3
p
Ar 6:8410 2
2
exp
"
 6:810 3

HR
DC
1:2
ReR
#
: (4.48)
The time it takes the drop to move from the upper impeller edge to the stator cross-section
is described analogously to zone 1 by superimposing drop velocity due to acceleration by the
toroidal vortex and counter-current flow on the drop’s own sedimentation velocity relative to the
continuous phase:
t3;1 =
H3
xdv+ xacc(x3(m;s2)vR  vc) : (4.49)
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In Eq. 4.49, v corresponds to v¥(dsw;mod) for all drops except for those which have taken the path
through the impeller vanes of a turbine impeller. Because drop sedimentation inside the impeller
vanes is hindered by the impeller shrouds, drop sedimentation velocity is 0 when exiting the
impeller vanes. Therefore, v is calculated analogously to Zone 1 using Eq. 4.17. The acceleration
path for a drop in zone 3 is the height of zone 3 reduced by the distance the drop travels due to
acceleration by the toroidal vortex and counter-current flow:
hacc;3 = H3  [xacc(x3(m;s2)vR  vc)]t3;1 = xdvt3;1 : (4.50)
The mean drop velocity v along this acceleration path hacc;3 is then determined with Eq. 4.18 and
x = hacc;3. With Eqs. 4.50 and 4.18, t3;1 is then determined using the secant method.
4.3.1 Drop interaction with the upper stator
As mentioned in the discussion of Fig. 4.22, stator impact is responsible for the tailing of the
residence-time distribution in Fig. 4.22. Whether a drop hits the stator depends on its radial
position. Since no quantitative information about the velocity profile inside the compartment
is known without employing techniques such as CFD, a linear radial velocity profile in zone
3 is assumed. Fig. 4.23 shows the velocity profile inside the compartment at N = 200 min 1.
Here, superimposed on the CFD-velocity vectors, a qualitative plot of the axial component of
the velocity distribution averaged over the height of zone 3 is shown. On this basis a relationship
between the mean axial velocity of the toroidal vortex x3(m;s2)vR acting on the drop and the
Figure 4.23: CFD-plot for DN60 Ku¨hni compartment showing the velocity profile in a cross-
section 45 to the impeller blades at N = 200 min 1 (CFD-data from Hlawitschka (2012)).
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drop’s mean radial position can be established:
rmean =
DSh
2
+
DC DSh
2
x3+ xSh
xC+ xSh
: (4.51)
In Eq. 4.52, the proportionality factors according to Ju et al. (1990) for the maximum axial ve-
locity at the shaft and the compartment wall are xSh = -0.2 and xC = 0.15.
With turbine impellers, drops can only enter zone 3 at radial positions rmean >DR=2. Because
of this, for turbine impellers rmean is determined with:
rmean =
DR
2
+
DC DR
2
x3+ xSh
xC+ xSh
: (4.52)
Eq. 4.52 is a reasonable approximation of rmean since a CFD-velocity profile by Kolb (2004) for
a Ku¨hni compartment with a diameter DC = 150 mm and a turbine impeller shows that the centre
of the toroidal vortices is closer to the compartment wall than for a DN60 compartment with a
4-blade impeller (see Fig. 4.23).
From Fig. 4.23 it becomes evident that the centre of the toroidal vortex is not axially centred in
zone 3, but is significantly closer to the impeller than to the upper stator. Furthermore, underneath
the upper stator there is a region with an approximate height of h3 = 0:25HC which mainly has
radial velocity vectors, meaning that there is a significant region where the drop is accelerated
towards the shaft. Hence, stator impact is reduced. A drop moving with the velocity
vabs;3 = vd+ x3(m;s2)vR  vc (4.53)
consisting of the drop’s sedimentation velocity relative to the continuous phase and the velocity
contribution of the toroidal vortex and counter-current flow, spends the time
t3 =
h3
vabs;3
(4.54)
in the region with the height h3. In this time t

3 , the drop is accelerated towards the shaft by the
toroidal vortex with a mean velocity of
vrad;3 =
116:5
ReR
vR : (4.55)
The parameter 116.5 in Eq. 4.55 was fitted so that the calculated drop-number fraction of stator
impact matched the experimentally observed number of drops hitting the stator. Employing
Eqs. 4.53 to 4.55, the radial displacement of the drop in region h3 can be calculated with:
Dr = vrad;3t3 : (4.56)
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rmean is then corrected by:
rmean;corr = rmean Dr : (4.57)
Drops with a higher absolute velocity vabs, in other words, mainly bigger drops, spend less time
in region h3 and are thus accelerated less towards the shaft. This in turn makes them hit the stator
more often, an effect which was also observed experimentally.
In Eq. 4.57, rmean;corr is the mean radial position of the drop that is statistically most proba-
ble. Velocity fluctuations in the toroidal vortex may cause the drop to reach the upper stator at
slightly higher or lower radial positions than rmean;corr. In order to map this stochastic effect, the
radial position of the drop upon reaching the stator cross-section is determined with a normal
distribution:
rdrop(m;s2) (4.58)
with the mean
m = rmean;corr (4.59)
and the variance
s2 =

1
3
dmin
2
: (4.60)
In Eq. 4.60, dmin is the radial distance of the mean m of the normal distribution to either the
compartment wall or the shaft, depending on which distance is shorter:
dmin =min(m DSh=2;DC=2 m) : (4.61)
This ensures that the normally distributed radial position of the drop in the stator cross-section
lies neither outside the compartment nor inside the shaft since 99.7% of all normally distributed
values are in the interval 3s2. For the remaining 0.3% rdrop is set to DC or DSh respectively.
While with ring stators a drop can only leave the compartment through the stator’s central
opening, with perforated stators a drop can leave the compartment through any of the stator
holes. With perforated stators with a open-area fraction of 30%, a drop can exit the compartment
through a stator hole close to the compartment wall, whereas with ring stators of the same open-
area fraction, a drop always has to travel to the central opening which is further away from the
compartment wall. This generally leads to more stator impact with ring stators as opposed to
perforated stators. In the following, the two different modelling approaches for ring stators and
perforated stators are presented.
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Ring stators
For ring stators, modelling is relatively straightforward. The drop’s radial position underneath
the stator (see Eq. 4.58) is used to check if the drop hits the stator or not:
rdrop <
DS
2
: (4.62)
If the condition in Eq. 4.62 is not true, the drop hits the stator. The time it takes for the toroidal
vortex to drag drops which hit the stator to the stator opening is determined with:
timp;RS =
rdrop  DS+d2
xSvR
: (4.63)
In Eq. 4.63, the parameter xS accounts for the reduced vortex velocity in the boundary layer
underneath the stator and dampens the effect of impeller speed:
xS = 0:1exp
"
4:26
ReR

DC
HR
2:8#
: (4.64)
Perforated stators
The geometry of a perforated stator makes modelling slightly more complex than for ring sta-
tors. Drops can exit the compartment not only through the central opening of the stator but also
through any of the stator holes spread out over most of the stator cross-section (see Fig. 4.24).
When they reach the stator cross-section, drops are accelerated radially towards the shaft by the
toroidal vortex and during this process they have the chance to pass the stator through one of the
stator holes. It was found that small drops find stator holes more quickly than big drops. This is
because big drops tend to bounce off the stator more frequently and as a result jump over stator
holes more often than small drops. Using the drop’s radial position rdrop upon reaching the upper
stator (see Eq. 4.58), the stator zone j in which the drop is located is determined. If the drop is
in stator zone 1, it does not hit the stator and can leave the compartment. If the drop is in stator
zone 3, it has to travel at least the distance
s3 = rdrop  D2;o2 (4.65)
before having the chance to find a stator hole in stator zone 2.
The distance a drop travels in stator zone 2 before finding a stator hole is mapped with an ex-
ponentially decaying distribution which is a function of drop diameter (see Fig. 4.25). With this
density distribution, bigger drops travel further along the stator than small drops. The distribution
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Figure 4.24: Individual stator zones of a perforated stator with an open-area fraction of j = 30%.
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Figure 4.25: Density distribution for dimensionless distance which drops of different diameters
travel in stator zone 2.
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function is mapped using the following stochastic method:
s2 = 0:15
3p
Arln(1  s)D2;o
2
: (4.66)
Here, s is a uniformly distributed random number between 0 and 1.
The maximum distance a drop can travel before reaching the central opening of the stator is:
s2;max = rdrop 
Di;2
2
: (4.67)
Therefore, for
s2 > s2;max ; (4.68)
s2 is set to rdrop  D2;i2 . It is estimated that drops reaching the stator cross-section in stator zone 2
do not hit the stator if they travel a distance s2 smaller than the radius of a stator hole. Considering
the scatter of experimentally determined impeller impact statistics, using this approximation, the
experimental data is described reasonably well (see Fig. 8.7).
Finally, the time the drop spends underneath the perforated stator is calculated with:
timp;PS =
ås j
xSvR
: (4.69)
4.3.2 Drop interaction with the upper toroidal vortex
For the DN60 standard geometry at impeller speeds above N = 100 min 1 and particularly
for small drops, a second effect on residence time alongside stator impact becomes dominant,
namely that drops are caught by the toroidal vortex, hindering them in leaving the compartment
through the stator opening. This can happen if the countercurrent toroidal vortex velocity in the
region near the shaft is higher than the drop’s own sedimentation velocity. In such cases, the
drop then circulates around the shaft for a certain amount of time. At high impeller speed, a drop
may even be back-mixed into the impeller zone. On the other hand, if the ratio of drop velocity
to vortex velocity is sufficiently high, this helps the drop to escape the toroidal vortex and move
towards the exit of the compartment. This process is highly stochastic, especially due to velocity
fluctuations of the toroidal vortex itself. Therefore, again a stochastic modelling approach was
employed to describe this phenomenon.
For each drop in zone 3, the probability of it being caught by the toroidal vortex is determined
with:
pvortex = 1  vd  v

c
xShvR+ vfluc
(0:316 0:465j)exp
"
2

nbl;effHR
HC
2#
: (4.70)
Here, the vortex velocity is calculated as the sum of the velocity at the shaft with xSh = 0:2
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(Ju et al., 1990) and the fluctuation velocity vfluc by Schwartzberger and Treybal (1968):
vfluc = 0:462N
D2R 
HCD2C
1=3 : (4.71)
As long as drop velocity vd is higher than the maximum velocity of the toroidal vortex, the
drop is not caught by the vortex. In such cases, pvortex in Eq. 4.70 becomes negative and is
consequently set to 0. If the maximum toroidal vortex velocity is much higher than vd, pvortex
tends towards 1. In addition, experiments showed that a higher open-area fraction of the stator
reduces the number of drops being caught by the toroidal vortex. This effect could be explained
by the fact that suction effects influencing the hydrodynamics inside neighboring compartments
(Seikova et al., 1992; Haunold et al., 1990) occur over a bigger cross-sectional area if the open-
area fraction of the stator is increased.
For a drop which is caught in the vortex, the question arises after how long it escapes the vortex
and whether it leaves the vortex to zone 2, which means it is back-mixed, or whether it enters the
next compartment. As in zone 2, back-mixing increases exponentially with impeller speed and
decreases with drop diameter (see Fig. 4.26). Reducing impeller diameter or increasing com-
partment height significantly reduces back-mixing. A smaller impeller reduces the intensity of
the toroidal vortex while it was observed that with a 25% higher compartment, fewer drops were
caught by the toroidal vortex in the first place, which, in turn, leads to fewer drops potentially
being back-mixed.
As in zone 2, a counter-current flow also significantly increases back-mixing from zone 3 to
zone 2 (see Fig. 4.27). This is because the counter-current is an additional contribution to the
axial velocity of the toroidal vortex dragging the drop into zone 2.
As with the impeller zone, modelling of back- and forward-mixing in zone 3 is carried out
using exit frequencies – one back-mixing frequency f back;3 and one forward-mixing frequency
f forw;3. The overall exit frequency is defined analogously to Eq. 4.24. As in zone 2, ftot;3 was
fitted for different compartment geometries, drop diameters, impeller speeds and counter-current
flows to the slowing factor and residence-time distribution of zone 3. A correlation of f back;3
was then established using experimental data on back-mixing from zone 3 to zone 2 for the
compartment geometries investigated:
fback;3 = 1:4410 4 Rec
Ar1=3

vR
vd
3
+5:0910 8nbl;effNArxShvR+ v

c
vd
exp
 
2:42310 3
 
nbl;effHR
2:5
D1:6R D
0:9
C
ReR
!
:
(4.72)
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Figure 4.26: Comparison of fractional drop back-mixing from zone 3 to zone 2 as a function of
impeller speed for different drop diameters, impeller diameters and compartment heights.
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Figure 4.27: Comparison of fractional drop back-mixing from zone 3 to zone 2 as a function of
impeller speed with and without counter-current flow (DN60 standard geometry).
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Here, Rec is the Reynolds number of the continuous counter-current flow:
Rec =
DCvcrc
hc
: (4.73)
By employing Eq. 4.24 for zone 3, a correlation for the forward-mixing frequency was found:
fforw;3 = 3:9610 4
8<:1 
"
1:210 4

nbl;effHR
DC
2
ReR
#3
ReC
9=;
nbl;effNRed

DC
DR
1:5
exp
"
DR
nbl;effHR
1:6 2074
ReR
#
:
(4.74)
Next, the same stochastic approach as in zone 2 is used (see Fig. 4.16 and Eq. 4.30) to determine
the time the drop remains in the vortex t3;vortex and whether it is back- or forward-mixed. In
none of the single-drop experiments conducted, did drops remain in the vortex for longer than
4 s, while with the stochastic approach presented, in rare cases, residence times of longer than
4 s might be obtained. This is why the maximum drop residence time in the vortex was limited
to 4 s. After that time, the drop is automatically back-mixed to zone 2.
Using t3;vortex, Eq. 4.49 and, depending on the impeller type, either Eq. 4.63 or Eq. 4.69, the
overall time the drop spends in zone 3 during visit i is finally determined with:
tZone3;i = t3;1+ timp+ t3;vortex : (4.75)
To conclude this section, the sub-model for zone 3 presented here describes the experimentally
determined drop residence-time distributions with good accuracy. This is shown in Fig. 4.28 for
a drop with a diameter of d = 1.93 mm at N = 100min 1.
4.4 Evaluation of Zone-Walk model
Having presented the Zone-Walk model in the previous sections, this model shall now be eval-
uated by comparing model calculations to the experimental data for the DN60 standard geome-
try. A detailed comparison of calculated and experimentally determined slowing factors for all
compartment geometries investigated is given in section 8.9. As mentioned at the beginning of
chapter 4, the model parameters were fitted to all experimental data simultaneously. This means
that only one set of parameters was used for overall model evaluation.
In Fig. 4.29, the experimentally determined slowing factors and model calculations are com-
pared for different drop diameters and impeller speeds with the DN60 standard geometry. It is
apparent here that kV significantly decreases with impeller speed – an effect which is particularly
pronounced for small drops between 1 and 2 mm. At low impeller speeds of N = 50 min 1 and
N = 100 min 1, kV also decreases with drop diameter while at N  150 min 1, it remains fairly
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Figure 4.28: Comparison of calculated and experimentally determined residence-time distribu-
tion of a 1.93 mm drop in zone 3 at N = 100min 1 (DN60 standard geometry).
constant with d. It can be seen that the model calculations are in good agreement with the exper-
imental data with the exception of 0.98 mm drops at medium and high impeller speeds. Here,
the model underestimates the slowing factor. The reason for this is mainly that for very small
drops, the sub-model for zone 3 overestimates the probability pvortex (see Eq. 4.70) of drops be-
ing caught by the upper toroidal vortex. As a result, these drops are back-mixed more frequently
than in the experiment and, in turn, the slowing factor is underestimated.
The effect of impeller speed on residence-time distribution is shown in Fig. 4.30 for drops with
diameter d = 1.56 mm. When doubling the impeller speed fromN = 100min 1 toN = 200min 1,
the maximum of the residence-time distribution shifts slightly to longer residence times while
tailing significantly increases due to the greater degree of back-mixing between the individual
compartment zones (see Fig. 4.14). Both of these effects are accurately described by the model.
The effect of drop diameter on residence-time distribution is shown in Fig. 4.31. This figure
shows that with increasing drop diameter, the residence-time distribution becomes significantly
narrower, mainly because due to their higher sedimentation velocity, big drops are less affected
by the toroidal vortices than small drops. The model also describes this effect accurately.
In order to quantify the overall accuracy of the Zone-Walk model for the system toluene (d)
+ water (c), the calculated slowing factors were plotted versus the experimentally determined
slowing factors in a parity plot (see Fig. 4.4). This parity plot shows that most deviation between
experimentally determined and calculated slowing factors is lower than 20%. The mean relative
deviation is 9.6% while the maximum relative deviation is 39.8%.
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Figure 4.29: Comparison of calculated and experimentally determined slowing factors as a func-
tion of drop diameter and impeller speed (DN60 standard geometry).
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Figure 4.30: Comparison of calculated and experimentally determined residence-time distribu-
tions of drops with diameter d = 1.56 mm at different impeller speeds (DN60 standard geometry).
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Figure 4.31: Comparison of calculated and experimentally determined residence-time distribu-
tions for drop diameters d = 1.56 mm and 3.5 mm at N = 100 min 1 (DN60 standard geometry).
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Figure 4.32: Parity plot of calculated and experimentally determined slowing factors for all com-
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67
5 Discussion and comparison of
experimental and model results
Having presented the single-drop-based evaluation of the Zone-Walk model at the end of the
previous chapter, in this chapter, the most important discoveries made in this work are presented
and discussed. These are:
 the effect of the material system on the slowing factor,
 the effect of the open-area fraction of the stator on residence-time distribution,
 the effect of counter-current flow on slowing factor,
 quantification of mean drop residence times in the individual compartment zones and
 the effect of compartment diameter and impeller type on the slowing factor
At the end of this chapter, the Zone-Walk model is evaluated regarding its ability to be extrap-
olated to a different compartment geometry.
5.1 Effect of the material system on the slowing factor
The material system PP-spheres (d) + water (c) has relatively similar slowing factors to the
system toluene (d) + water (c) (see Fig. 5.1). The effect that small PP-spheres have slightly lower
slowing factors than toluene drops while big PP-spheres have slightly higher slowing factors than
toluene drops is correctly described by the model.
The findings by Garthe (2006) that PP-spheres and toluene drops in water have similar slow-
ing factors can thus be confirmed. However, Garthe’s general claim that the slowing factor is
independent of the material system cannot be confirmed. This becomes clear when comparing
the slowing factors of the systems toluene (d) + 20.85 wt.% PEG4000 + water (c) and toluene
(d) + water (c) (see Fig. 5.2). Here, slowing factors of the system toluene (d) + 20.85 wt.%
PEG4000 + water (c) are significantly higher than those of the system toluene (d) + water (c). It
can therefore be concluded that the slowing factor is a function of the material system and thus
68
5.1 Effect of the material system on the slowing factor
that the effect of system properties such as density difference between the phases and viscosity
on drop behaviour inside the compartment should be investigated in more detail.
While the Zone-Walk model can accurately describe the slowing factors of different material
systems with similar densities and viscosities to the system toluene (d) + water (c), it is not yet
applicable to high viscosity systems such as toluene (d) + 20.85 wt.% PEG4000 + water (c). This
is mainly due to the effect that the viscosity of the continuous phase has on the dimensionless
numbers incorporated in the model, such as Ar, ReR, Red and Rec (see Eqs. 2.3, 2.15, 4.27 and
4.73). While the Reynolds numbers decrease linearly with hc, the Archimedes number decreases
with h2c . This means that a viscosity of ten times that of water, as is the case for the system
toluene (d) + 20.85 wt.% PEG4000 + water (c), reduces the Archimedes number by a factor of
100. Systematically investigating the effect of viscosity on drop-residence times and extending
the Zone-Walk model accordingly, is thus a further area which future research should focus on.
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Figure 5.1: Comparison of calculated and experimentally determined slowing factors for the ma-
terial systems toluene (d) + water (c) [tow] and PP-spheres (d) + water (c) [PPw] as a function
of particle diameter and impeller speed (DN60 standard geometry).
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and toluene (d) + 20.85 wt.% PEG4000 + water (c) [toPEG] as a function of drop diameter and
impeller speed (DN60 standard geometry).
5.2 Effect of open-area fraction of stator on
residence-time distribution
Stator plates are not only installed to increase mean drop residence time in the compartment.
They are also used in order to reduce axial dispersion of the continuous phase. The axial disper-
sion coefficient of the continuous phase Dax;c decreases with a decreasing open-area fraction of
the stator (Breysse and Bu¨hlmann, 1983; Steiner et al., 1988). For the dispersed phase, however,
it was found that a larger open-area fraction of the stator not only increases the slowing fac-
tor (see Fig. 8.11) but also significantly minimizes the width of the residence-time distribution.
Thus, decreasing j has a diminishing effect on the axial dispersion coefficient of the dispersed
phase Dax;d(d) (see chapter 2). In order to quantify this effect, the variance
s2 =
1
ndrops 1
ndrops
å
i=1
(ti  tm)2 (5.1)
of the residence-time distribution of 1.56 mm drops is plotted in Fig. 5.3 as a function of N
for different open-area fractions of the stator. This figure clearly shows that, particularly at
N = 200 min 1, the variance in drop-residence times and thus Dax;d(d) decreases significantly
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with increasing j . While the model overestimates the variance of the residence-time distribution
for j = 20% and 30% at N = 200 min 1, with j = 20% and at lower impeller speed the model is
in very good agreement with the experimental data.
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Figure 5.3: Effect of j on the variance of drop-residence times of drops with diameter
d = 1.56 mm at different impeller speeds.
5.3 Effect of counter-current flow on the slowing factor
In order to calculate absolute drop velocity, in the literature (Zamponi, 1996; Schmidt, 2006;
Steinmetz, 2007; Kalem et al., 2011) the velocity of the counter-current flow is commonly su-
perimposed on the integral axial drop velocity inside the compartment (see Eq. 2.31). However,
this research found that counter-current flow of the continuous phase increases drop-residence
time inside the compartment more than simply superimposing the velocity of the continuous
phase onto drop sedimentation velocity with Eq. 2.31 would. This manifests itself in lower slow-
ing factors with counter-current flow as compared to no counter-current flow (see Fig. 5.4). The
main reasons for this are that (a) the counter-current flow helps the upper toroidal vortex in the
region below the stator cross section to stop the drop from leaving the compartment and (b)
the counter-current flow promotes drop back-mixing between the individual compartment zones.
By accounting for these phenomena, the Zone-Walk model accurately describes the effect of
counter-current flow on the slowing factor.
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Figure 5.4: Comparison of calculated and experimentally determined slowing factors as a func-
tion of d and N with and without counter-current flow (DN60 standard geometry).
5.4 Comparison of mean drop residence times in the
individual compartment zones
The zone-wise evaluation of drop movement through the compartment showed that, on their way
through the compartment, drops spend up to four times longer in zone 3 than in zone 1, as shown
in Fig. 5.5 – an effect which is accurately described by the Zone-Walk model. Compared to
zone 3, the region between the lower stator and the impeller is thus not used very efficiently with
respect to residence time and consequently mass transfer. Thus, in dedicated experiments, zone 1
of a compartment with an overall height ofHC = 43.5 mmwas reduced by 50% fromH1 = 17 mm
toH1 = 8.5 mm, resulting in a new overall compartment height of 35 mm and an impeller which is
positioned asymmetrically with respect to its axial position inside the compartment (see Fig. 5.6).
In Fig. 5.7, mean drop residence times of (a) a compartment with a height HC = 43.5 mm and
(b) one with a height HC = 35 mm and an asymmetrically positioned impeller are compared for
different drop diameters and impeller speeds. This figure clearly demonstrates that most mean
drop residence times tm are only marginally influenced by the reduction in compartment height.
While at N = 150 min 1, tm of 1.56 mm drops is higher for the 43.5 mm compartment, at
N = 200 min 1, it is higher for the 35 mm compartment. tm averaged over all drop diameters
and impeller speeds is only 0.083 s higher for the 43.5 mm high compartment than for the
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20% lower compartment with its asymmetrically positioned impeller. This indicates that the
height equivalent of a theoretical stage (HETS) of Ku¨hni columns might be improved by 20%
by adjusting compartment geometry in this way. Whether the decrease in compartment height
has a negative impact on overall hold-up and flooding limits is one further area which would be
interesting to investigate.
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Figure 5.5: Comparison of calculated and experimentally determined mean residence times in
each compartment zone at N = 150 min 1. (DN60 standard geometry).
Figure 5.6: Compartment with heightHC = 43.5 mm and symmetrically positioned impeller (left)
and compartment with HC = 35 mm and asymmetrically positioned impeller (right).
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Figure 5.7: Comparison of mean drop residence times for symmetrically (SPI) and asymmetri-
cally (API) positioned impeller.
5.5 Effect of compartment diameter and impeller type
on slowing factor
Impeller diameter is generally increased with increasing column diameter. The scaling
law for impeller speed for column scale-up is a constant tip velocity of the impeller
(Breysse and Bu¨hlmann, 1983; Pfennig et al., 2006), since it determines the amount of drop
breakage and therefore drop size. In order to quantify how this scaling law affects mean drop
residence time inside the compartment, in Fig. 5.5 the slowing factor of drops with diameter
d = 1.93 mm is plotted as a function of the impeller-tip velocity vR for a DN60 compartment with
a 4-blade impeller, a DN150 compartment with a 4-blade impeller and a DN150 compartment
with a turbine impeller. It is evident that at the same tip velocity, the slowing factor for the DN60
compartment with a bladed impeller is up to three times lower than for the DN150 compartment
with a bladed impeller. Using a turbine impeller instead of a bladed impeller – something which
is commonly done in compartments with diameters of DC = 100 mm and above – reduces the
slowing factor, and thus increases residence time. However, the slowing factor is still two times
higher for the DN150 compartment than it is for the DN60 compartment.
As the height of the DN150 compartment (HC = 75 mm) is roughly two times that of the
standard height of the DN60 compartment (HC = 35 mm), mean drop residence time inside
74
5.6 Model’s ability to be extrapolated to further compartment geometries
0.0 0.2 0.4 0.6
0.0
0.2
0.4
0.6
0.8
1.0
1.2
d = 1.93 mm
ring stator  = 30%
 
 
DC [mm]:       60    150    150
imp. type:     BI       BI       TI
exp.                
mod.                
k V
v
R
 [m/s]
Figure 5.8: Comparison of calculated and experimentally determined slowing factors as a func-
tion of impeller-tip velocity for a DN60 and a DN150 compartment with a blade impeller (BI)
and a turbine impeller (TI).
the compartment remains more or less constant when scaling up column diameter according
to conventional design rules. The Zone-Walk model describes this effect of impeller type and
column diameter on the slowing factor with very good accuracy.
5.6 Model’s ability to be extrapolated to further
compartment geometries
The accuracy of the model when extrapolating to a different geometry is shown in the parity
plot in Fig. 5.6. Here, the experimentally determined slowing factors for the systems toluene
(d) + water (c) + acetone (c! d) and butyl-acetate (d) + water (c) + acetone (c! d) are those
by Garthe (2006). The compartment geometry used by Garthe (2006) is given in Tab. 5.1. Not
only are the dimensions of the compartment different to those used in this work to establish the
Zone-Walk model but the number of impeller blades also differs. The model extrapolates the
effect of compartment geometry on slowing factor with a mean relative deviation of 7.4% and a
maximum relative deviation of 21.3%. This shows that without fitting any additional parameters,
the Zone-Walk model can be successfully applied to different compartment geometries. It is,
however, still recommended that one single-drop experiment is performed for validation when
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extrapolating the Zone-Walk model.
Table 5.1: Compartment geometry from Garthe (2006).
DC 0.080 m
HC 0.05 m
impeller type BI
nbl 6
DR 0.045 m
HR 0.007
stator type RS
DS 0.050 m
j 0.4
DSh 0.01 m
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Figure 5.9: Parity plot of the slowing factors determined experimentally by Garthe (2006) and
the calculated slowing factors for the liquid-liquid systems toluene (d) + water (c) + acetone
(c!d) [towa] and butyl-acetate (d) + water (c) + acetone (c!d) [buwa].
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6 Column simulation with ReDrop
Having verified that the Zone-Walk model can be successfully applied to different compartment
geometries at the end of the last chapter, this chapter focuses on the model’s applicability for the
description of complete column behaviour in combination with ReDrop. Thus, not only single
drops are considered, but the complex interplay of all drops inside the column is taken into
account. This validation of the Zone-Walk model with ReDrop is done by comparing simulation
results with data from pilot-plant experiments taken from the literature. Here, simulated and
experimentally determined Sauter mean diameters, local column hold-up, flooding limits and
concentration profiles are compared. As mentioned in subsection 2.2.2, these column parameters
are greatly affected by drop residence time inside the compartment, and they should therefore be
significant parameters for validating the Zone-Walk model with ReDrop.
For simulation, the single-drop models presented in chapter 2 were used. The only exception
here lies in the calculation of absolute drop velocity. It was shown in section 5.3 that for the
calculation of absolute axial drop velocity inside the compartment, the velocity of the counter-
current flow
vc =
V˙c
AC
(1  e) (6.1)
cannot simply be superimposed on drop velocity inside the compartment, as is usually done in
the literature. Instead, the effect of the velocity on drop behaviour inside the compartment is
therefore directly accounted for by the Zone-Walk model (see chapter 4). As a consequence, the
absolute drop velocity along the height of one compartment is calculated in ReDrop with:
vabs =
HC
ttot
(1  e) : (6.2)
Here, ttot is the drop residence time inside a compartment obtained with the Zone-Walk model
(see Eq. 4.1).
The Ku¨hni extractors simulated are a DN80 column with ring stators and 6-blade impellers
(Garthe, 2006) and a DN150 column with turbine impellers and perforated stators (Zamponi,
1996). A detailed overview of the geometry of these two Ku¨hni columns is given in Tab. 6.1.
The liquid-liquid system used by Garthe (2006) is toluene (d) + water (c) + acetone (c!d) and
that used by Zamponi (1996) is toluene (d) + water (c). For column simulation, the concentration-
dependent system properties such as densities, viscosities, interfacial tension and the partition
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Table 6.1: Data of simulated Ku¨hni columns.
Author Garthe (2006) Zamponi (1996)
DC 0.08 m 0.15 m
Hact 2.95 m 2.7 m
HC 0.05 m 0.07 m
nC 44 36
impeller type BI TI
nbl 6 6
DR 0.045 m 0.085 m
HR 0.007 0.01
stator type RS PS
DS 0.05 m -
j 0.4 0.3
DSh 0.01 m 0.02 m
coefficient given by Garthe (2006) and Zamponi (1996) were used.
For simulation of the DN80 Ku¨hni column, sedimentation and mass transfer parameters (see
subsection 2.2.1 and section 2.5) were fitted to experimental single-drop data given by Garthe
(2006) (see Tab. 6.2). Since Zamponi (1996) did not perform any single-drop experiments in his
work, the sedimentation parameters were fitted to experimental sedimentation data obtained in
this work (see Fig. 8.9.1). This was justified since Zamponi (1996) used distilled toluene and
deionized water for his experiments without mass transfer. The purity of Zamponi’s material
system should therefore be comparable to that used in this work.
Table 6.2: Parameters for single-drop models.
DN80 column (Garthe, 2006) DN150 column (Zamponi, 1996)
dsw [mm] 7.1 2.4
asc 1.92 2.58
atr 4.5 2.25
Cip 2938 -
It is noticeable that the sedimentation parameter dsw (see Tab. 6.2) scaling the drop diameter
at which internal drop circulation sets in (see subsection 2.2.1) is almost three times higher for
the system toluene (d) + water (c) + acetone (c!d) than it is for the system toluene (d) + water
(c). This reflects the fact that surface instabilities induced by mass transfer may at least partially
destroy toroidal circulation inside the drop and hence decrease terminal velocity (Henschke,
2004; Garthe, 2006; Kalem et al., 2009; Wegener, 2009).
Comparing the fitted mass-transfer parameter Cip = 2938 in Tab. 6.2 to values from the liter-
ature shows that Cip is more than three times lower than that obtained by Henschke (2004) for
the system toluene (d) + water (c) + acetone (c!d). A three times lower parameter Cip results
in roughly three times faster mass-transfer kinetics (see section 2.5). However, while Garthe
(2006) measured mass-transfer kinetics in a DN80 single-drop cell with 5 Ku¨hni compartments,
Henschke (2004) performed the measurement with a venturi-type cell without internals. It thus
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seems that the internals and energy input by the impellers improve mass-transfer kinetics – some-
thing which was also found by Ayestera´n et al. (2010), who performedmass-transfer experiments
with the system n-butyl acetate (d) + water (c) + acetone (c!d) in a single-drop cell with 3 Ku¨hni
compartments.
For the simulation of the DN80 Ku¨hni column, the disperser drop-size distribution measured
by Garthe (2006) was employed. The Sauter mean diameter of this distribution is d32 = 2.3 mm.
Since for his DN150 column, Zamponi (1996) does not give any information about the disperser
distribution, a mono-dispersion with a diameter of d = 2.3 mm was used as the inlet diameter for
the simulation of his column.
For the DN80 Ku¨hni column, the coalescence parameterCC (see Eq. 2.38) was fitted to hold-up
and Sauter mean diameter of the operating point at 80% of flooding load at N = 150 min 1. For
the DN150 Ku¨hni column, CC was fitted to hold-up and Sauter mean diameter of the operating
point at Qd = 160 l/h, Qc = 125 l/h and N = 160 min 1. The resulting coalescence parameters are
CC = 200 for the column of Garthe (2006) and CC = 400 for the column of Zamponi (1996).
These coalescence parameters are significantly lower than the coalescence parameter
CC = 2500 obtained by Henschke (2004) for the system toluene (d) + water (c) with a pulsed-
sieve tray column. CC = 2500 means that coalescence is inhibited and only very small drops
coalesce (Henschke, 2004). One would expect this to also apply to the system toluene (d) +
water (c) + acetone (c!d) used by Garthe (2006), in particular since mass transfer from the
continuous to the dispersed phase inhibits drop coalescence (Groothuis and Zuiderweg, 1960;
McFerrin and Davison, 1971; Tsouris and Tavlarides, 1993; Kopriwa et al., 2013). This means
that drop breakage should dominate drop coalescence and drop size should therefore decrease
along the column. However, at N = 150 min 1, Garthe (2006) determined Sauter mean diame-
ters which increase from 2.3 mm at the disperser to values between 2.6 mm an 2.8 mm above the
top compartment. This increase in drop diameter only happens if there is a significant amount
of drop coalescence, probably underneath the stator plates, at the PTFE sealings between the
individual column segments, or as a result of local coalescence in compartment regions of high
hold-up. Due to the fact that residence time in compartment zone 3 is up to four times higher
than that in zone 1, as shown in section 5.4, the hold-up in zone 3 is roughly four times higher
than in zone 1 – something which was confirmed with ReDrop by simulating Garthe’s DN80
Ku¨hni column. Alongside this, due to centrifugal forces and the directed flow induced by the
toroidal vortices, even higher hold-ups are to be expected locally. These in turn increase drop
coalescence locally. The coalescence parameter in Henschke’s coalescence model therefore not
only seems to be a material-system specific parameter but also to account for the effect of column
hydrodynamics on coalescence.
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6.1 Results of column simulation
Having presented and discussed the parameters used for column simulation with ReDrop, sim-
ulation results, such as Sauter mean diameters, local hold-up, flooding limits and separation
performance are compared to experimental data and discussed in the following. Fig. 6.1 shows
a comparison of simulated Sauter mean diameters and those determined by Garthe (2006) in the
DN80 Ku¨hni column above the top compartment for different impeller speeds and loads. Sauter
mean diameter decreases with increasing impeller speed due to increasing drop breakage. In
the simulation, Sauter mean diameters increase with column load, and apart from the noticeable
maximum at the lowest load for N = 150 min 1, this is also the case in the experiment. This
is because with increasing column load, hold-up increases, which leads to an increase in drop
coalescence. Apart from the lowest load at N = 150 min 1, experimentally found Sauter mean
diameters are accurately described with ReDrop.
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Figure 6.1: Comparison of simulated Sauter mean diameters with those determined by Garthe
(2006) at different loads and impeller speeds.
Having verified that Sauter mean diameters d32 in Ku¨hni columns are in principle accurately
described by ReDrop and in particular that the effect of impeller speed on d32 is properly ac-
counted for, next, ReDrop’s ability to predict local hold-up in Ku¨hni columns is looked at. Garthe
(2006) measured local hold-up at three different positions of the column by shutting off the inlets
and closing off three column sections with slide valves – each column section having a height of
300 mm. In Fig. 6.2 these local hold-up values are compared to those determined with ReDrop
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for different loads and impeller speeds. This figure clearly demonstrates that hold-up increases
with impeller speed and load and that this is accurately predicted with ReDrop.
Zamponi (1996) determined the effect of increasing dispersed-phase volume-flow rate on local
hold-up in his DN150 Ku¨hni column using ultrasound probes. In Fig. 6.3, these experimentally
determined local hold-ups are compared to hold-up predictions with ReDrop. This figure clearly
shows that local hold-up increase with increasing dispersed phase volume-flow rate. For the
DN150 Ku¨hni column, ReDrop again quantitatively predicts local hold-up.
Having verified ReDrop’s ability in combination with the Zone-Walk model to accurately pre-
dict Sauter mean diameter and local hold-up in Ku¨hni columns, next the focus is on the two most
important column parameters, namely the column’s flooding limit and separation performance.
Both of these parameters are strongly affected by Sauter mean diameter and hold-up.
The flooding limit of a column determines column diameter for a desired throughput. Ex-
perimentally, the flooding limit is relatively tedious to determine since input fluxes or impeller
speed have to be increased in incremental steps and for each of these steps one has to wait until
the column has again reached steady state. Thus, having a simulation tool that is able to reli-
ably predict the column’s flooding limit would be very beneficial. Whether ReDrop using the
Zone-Walk model has this ability is investigated in the following. In Fig. 6.4, for the DN80 and
DN150 Ku¨hni columns, the flooding limits obtained with ReDrop are compared to those deter-
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Figure 6.2: Comparison of simulated hold-up with hold-up determined by Garthe (2006) at dif-
ferent operating points.
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Figure 6.3: Comparison of simulated hold-up with hold-up determined by Zamponi (1996) at
N = 160 min 1 and different volume-flow rates of the dispersed phase.
mined experimentally by Zamponi (1996) and Garthe (2006). While for both columns, flooding
loads decrease with increasing impeller speed, the DN80 column reaches its flooding limit at
lower impeller-tip velocities than the DN150 column. There are three main reasons for this.
First, the presence of the mass transfer component acetone reduces interfacial tension, resulting
in increased drop breakage. This leads to smaller drops, and thus, lower sedimentation veloc-
ities, which result in increased hold-up and, in turn, lower flooding limits. Second, as already
reflected by the higher sedimentation parameter dsw, mass transfer reduces drop sedimentation
velocity, which again increases hold-up. Third, as shown in Fig. 5.5, decreasing column diam-
eter reduces the slowing factor, which increases hold-up and thus reduces the flooding limits.
ReDrop accounts for all of these effects and thus accurately predicts the experimentally deter-
mined flooding limits within a 10% error margin.
Besides the flooding limit, separation performance of a column is the second important design
parameter which not only depends on mass-transfer kinetics but also on drop-residence time with
which hold-up correlates (see section 2.2.2) and the specific interfacial area a which is both a
function of hold-up e and Sauter mean diameter d32:
a=
6e
d32
: (6.3)
Only if these parameters are correctly described by the simulation can the column’s separation
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Figure 6.4: Comparison of simulated flooding limits and those determined by Zamponi (1996)
and Garthe (2006) in a DN80 and DN150 Ku¨hni column at different impeller-tip velocity.
performance be accurately predicted.
In order to check ReDrop’s ability to describe separation performance of Ku¨hni columns, in
Figs. 6.5 and 6.6, the experimentally obtained concentration profiles along the column in both
phases at N = 150 min 1 and N = 200 min 1 (80% of the flooding load) are compared to those
determined with ReDrop. It is evident that for both impeller speeds, the outlet concentrations
and concentration profiles measured are accurately described with ReDrop. Due to the absence
of compartments with impellers in the closing-valve segments for local hold-up measurements,
in these regions, drop residence time for mass transfer is significantly reduced. This manifests
in a slightly wavy concentration profile which is noticeable at Hact  1.5 m. There are distinct
kinks at heights of 0.6 m and 2.35 m in the experimentally determined concentration profile of
the continuous phase at N = 200 min 1. There is no effect that can explain this phenomena.
In particular, axial dispersion as a reason for these kinks can be ruled out since this would shift
the concentration profile of the continuous phase even further to the left, which conflicts with
the acetone concentration measured at the height of 2.35 m. The only remaining explanation for
these kinks in the concentration profile is experimental uncertainty.
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Figure 6.5: Comparison of simulated concentration profiles of acetone in both phases with those
determined by Garthe (2006) at N = 150 min 1 and 80% of the flooding load.
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Figure 6.6: Comparison of simulated concentration profiles of acetone in both phases with those
determined by Garthe (2006) at N = 200 min 1 and 80% of the flooding load.
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6.2 Conclusion
6.2 Conclusion
This chapter has shown that using the Zone-Walk model in combination with ReDrop allows
column behaviour to be accurately described. The Zone-Walk model can thus be extrapolated
from accurately describing single-drop residence times in Ku¨hni compartments to calculating
residence times for drop swarms in extraction columns.
The good degree of accuracy of the simulation of Garthe’s DN80 Ku¨hni column with the
system toluene (d) + water (c) + acetone (c!d) has shown that the Zone-Walk model can also
be used to simulate Ku¨hni columns with compartment geometries and material systems dif-
ferent from those the parameters of the Zone-Walk model were fitted to. Hydrodynamic pa-
rameters such as Sauter mean diameters, hold-up and flooding limits are tedious to determine
experimentally. For Ku¨hni columns, not only these parameters but also separation performance
are accurately predicted with ReDrop within a 10% error margin - something which has also
been shown for other types of extraction columns (Henschke, 2004; Klinger, 2008; Altunok,
2009; Kalem et al., 2011) and various liquid-liquid systems, also including industrial systems
(Weber et al., 2005; Schmidt, 2011; Buchbender et al., 2012b), reactive systems (Altunok et al.,
2006; Altunok, 2009; Buchbender et al., 2010; Adinata et al., 2011) and systems with novel sol-
vents, namely ionic liquids (Buchbender et al., 2012a).
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The advantage of Ku¨hni extraction columns is that compartment geometry may be tailored to the
local conditions along the column. Compared to conventional column design based on pilot-plant
experiments, column design with the drop-population balance tool ReDrop has the potential to
be beneficial as it allows compartment geometry along the column to be quickly and efficiently
optimized. In order to use this potential, a quantitative understanding of the effect of compart-
ment geometry and operating conditions such as impeller speed and counter-current flow on
slowing factors and residence-time distribution is needed, together with adequate modelling of
these phenomena.
In this work, an experimental method based on single-drop experiments has been presented.
This method was used to systematically quantify the effect of compartment geometry and oper-
ating conditions such as impeller speed and counter-current flow on drop residence time. Drop
residence times were evaluated not only for the whole compartment but also for different com-
partment zones, namely the lower zone 1 between bottom stator and impeller, the impeller zone
2, and the upper zone 3 between impeller and upper stator. Here, drop back-mixing between the
individual compartment zones and compartments as well as the number fraction of drops hitting
the upper stator or impeller shroud were evaluated quantitatively.
Based on this detailed analysis of the experimental results, the Zone-walk model comprising
three sub-models, one for each individual zone, was developed. In this model, drop movement
is described by superimposing drop-sedimentation velocity on the axial velocity of the toroidal
vortex, which is a function of impeller speed and the drop’s radial position. The model uses
stochastic methods to map drop interaction with the internals such as impeller or upper stator.
The stochastic methods are further used to describe drop interaction with the toroidal vortices
causing drop back-mixing between the individual compartment zones. As in reality, in the model
a drop can thus visit the individual compartment zones several times. The drop’s accumulated
time in each zone then yields the overall drop residence time inside the compartment.
Using the Zone-walk model, it is possible to quantitatively describe not only mean drop
residence-times but also the residence time distribution as a function of geometric parameters
of the compartment and operating conditions. Furthermore, the Zone-walk model describes en-
trainment of drops with the continuous phase from one compartment to the compartment below.
Comparing the Zone-walk model against experimental data incorporating 183 operating points
resulted in a mean relative deviation between model calculation and experimentally determined
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mean-residence times of fmean = 9.7%. Without fitting any additional parameters, it was then
shown that the Zone-walk model can be extrapolated to different compartment geometry and
material systems from the literature with a mean relative deviation of fmean = 7.4%.
Besides being the basis for establishing the Zone-walk model, the detailed evaluation of drop
behaviour and residence times inside the compartment carried out for this work has highlighted
5 particularly interesting things. First, the phenomena behind the shape of the residence-time
distribution, commonly described with a Feller distribution (Feller, 1968) with pronounced tail-
ing, were identified. While at low impeller speed, the tailing is mainly because of drops being
hindered in leaving the compartment by the upper stator, at high impeller speed the effect of
drop back-mixing between the individual compartment zones becomes more dominant. This is
particularly true for small drops since they are more easily accelerated by the toroidal vortices
due to their lower sedimentation velocities and inertias.
Second, this research has also highlighted that the counter-current flow of the continuous
phase has to be accounted for in a more detailed way than simply superimposing it on drop
velocity assuming plug-flow, as is usually done in the literature. For example, counter-current
flow supports the toroidal vortices in back-mixing drops to the next lower compartment zone -
something which was shown to strongly increase drop residence time.
A third interesting phenomenon found was that mean drop residence times are up to four times
greater in the upper compartment zone 3 than in the lower compartment zone 1. It was then
shown that reducing the height of the lower compartment zone 1 by 50%, meaning a reduction
of overall compartment height of 20%, is possible without any significant effect on mean drop-
residence time. This indicates that the HETS value of Ku¨hni columns might be improved by
20% by adjusting compartment geometry in this way.
Fourth, this research has also confirmed that conventional design rules for column scale-up
of Ku¨hni extractors are appropriate. This was done by showing that mean drop residence time
inside the compartment remains practically constant when scaling up column diameter from
DC = 60 mm (HC = 35 mm) to DC = 150 mm (HC = 75 mm) according to conventional design
rules.
One final interesting finding of this research is that the claim made by Garthe (2006) that
the slowing factor is independent of the material system is not universally applicable. This was
shown by demonstrating that increasing the viscosity of the continuous phase by a factor of 10
results in significantly higher slowing factors. Despite the fact that it can not generally be said
that the slowing factor is independent of the material system, it is nonetheless true that material
systems with similar densities and viscosities indeed have similar slowing factors.
Finally, the Zone-walk model was used in combination with ReDrop to describe complete
column behaviour. Its success in doing so was then evaluated by comparing simulation results
with experimental data from two pilot-plant columns from the literature, namely a DN80 and
a DN150 Ku¨hni column. Here, it was shown that using the Zone-walk model in combination
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with ReDrop enables accurate prediction of column behaviour, such as Sauter mean diameters,
hold-up, flooding limits and separation performance within a 10% error margin. In summary,
the detailed single-drop based modelling presented in this work allows accurate prediction of the
behaviour of Ku¨hni extraction columns.
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8 Appendix
8.1 Determination of physical properties of material
system
The physical properties of the system toluene (d) + 20.85 wt.-% PEG4000 + water (c) were
measured at at 20C. Densities were determined with a vibrating tube densimeter (DSA48,
Anton Paar, Ostfildern, Germany). In order to determine viscosities of both phases, a capillary
viscosimeter (AVS 350, Schott, Mainz, Germany) was used. Interfacial tension was measured
using a drop-volume tensiometer (DVT50, Kru¨ss, Hamburg, Germany).
8.2 Error analysis
In order to quantify the experimental error for the different compartment geometries, in total
14 reproducibility measurements were performed. The resulting mean standard deviation of the
initial and the reproductivity measurements was 3.5% for the slowing factor and 11% for the
variances of drop residence times distributions.
In order to quantify the error made during evaluation of residence-time measurements, each
of the measuring points for the DN60 standard-geometry was evaluated by two different peo-
ple. The resulting mean standard-deviation between both evaluations was 0.5% for the slowing
factors and 5.6% for the variances of drop residence-time distribution.
For each measuring point, the residence time of up to 100 individual drops was measured. In
order to quantify the statistical error made when only measuring residence times of this limited
number of drops, one measurement (d = 2.56 mm, N = 150 min 1, DN60 standard geometry)
was conducted and the residence times of 1000 drops evaluated. The slowing factor and variance
of the residence-time distribution of this measurement were then compared to those obtained
with only 100 drops. The resulting standard-deviation of the slowing factor was 0.5% while it
was 3.4% for the variance of the residence-time distribution.
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8.3 Geometric data of perforated stators
Fig. 8.1 shows the alignment and diameter of the stator holes for perforated stators with an open-
area fraction of 25% and 30%.
Figure 8.1: Geometric data of perforated stators with an open-area fraction of 25% (left) and
30% (right).
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8.4 Experimentally determined slowing factors for zone 1
8.4 Experimentally determined slowing factors for
zone 1
8.4.1 Variation of impeller diameter
A 25% reduction in impeller diameter from DR = 40 mm to 30 mm results in higher slowing
factors for small drops while it hardly affects kV of big drops (see Fig. 8.2).
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Figure 8.2: Slowing factor in zone 1 of compartment with the diameterDC = 60 mm as a function
of impeller speed and different drop diameters, impeller diameters and compartment heights.
8.4.2 Variation of compartment height
Increasing the compartment height by 25% from HC =35 mm to 43.5 mm has a similar effect
on kV to the effect caused by a smaller impeller. While it does not affect kV of big drops, it
increases the slowing factor of small drops. A 25% higher compartment means a 25% increase
in the distance over which drops can be accelerated by the toroidal vortex. In addition, increasing
the compartment height also changes the shape of the toroidal vortex from a relatively flat to a
rounder vortex. This leads to lower velocity gradients with respect to location. Thus drops can
follow the vortex more easily. Big drops are affected less by the toroidal vortex in general due to
their comparably high sedimentation velocity, hence a 25% increase in length of the acceleration
path hardly affects these drops’ overall velocity.
91
8 Appendix
0 50 100 150 200
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
 N [min-1]
D
C
 = 60 mm
D
R
 = 40 mm
 = 30%
H
C
 [mm]: 35   43.5
d [mm]             
  1.56
  1.93    
   3.5     
 
 
k V
,1
Figure 8.3: Slowing factor in zone 1 of compartment with the diameter DC =60 mm as a function
of impeller speed and different drop diameters, impeller diameters and compartment heights.
8.4.3 Variation of impeller type
Alongside impeller diameter, impeller type also significantly affects kV in zone 1, as shown in
Fig. 8.4. For both big and small drops, the slowing factor is systematically significantly higher
with the 4-blade impeller than with the turbine impeller.
8.4.4 Variation of stator type
Varying the stator type showed that using perforated stators rather than ring stators leads to
higher slowing factors in zone 1 for both big and small drops, compared to using a ring stator
(see Fig. 8.5). Using perforated stators instead of ring stators of the same open-area ratio results
in fewer drops hitting the bottom stator before entering zone 1. With perforated stators, more
drops therefore enter the compartment with their terminal velocity instead of having to accelerate
from 0 to v¥.
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Figure 8.4: Slowing factor in zone 1 of compartment with the diameter DC =150 mm as a func-
tion of impeller speed and different drop diameters and impeller types.
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Figure 8.5: Slowing factor in zone 1 of compartment with the diameter DC =150 mm as a func-
tion of impeller speed and different drop diameters and stator types.
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8.5 Non-steady force balance for drop acceleration
Drop acceleration from 0 to terminal velocity was described by the following non-steady force
balance which was solved numerically.
mdvdt = FB FG FD
) Vrd dvdt =Vdrcg Vdrcg p
d2
4
rccd
v2
2
) dvdt =
rc rd
rd
g 0:75 rc
rdd
v2 (8.1)
Here, the drag coefficient was described with the correlation by Schiller and Naumann (1933):
cd =
24
Red

1+0:15Red0:687

(8.2)
8.6 Zone 2 back-mixing statistics for DN150
compartment with blade impeller
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Figure 8.6: Fractional drop back-mixing from zone 2 to zone 1 as a function of impeller speed
for a DN150 compartment with blade impeller and ring stators.
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8.7 Impeller shroud and stator impact statistics
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Figure 8.7: Comparison of calculated and experimentally determined stator impact statistics for
DN150 compartment with turbine impeller and perforated stators.
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Figure 8.8: Comparison of calculated and experimentally determined turbine-shroud impact
statistics for DN150 compartment with turbine impeller and ring stators.
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8.8 Zone 2 slowing factors for turbine impellers
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Figure 8.9: Comparison of calculated and experimentally determined slowing factors for a
DN150 compartment with turbine impeller and ring stators.
8.9 Comparison of experimental and model results
In this section, first the results of the terminal-velocity measurements for the material systems in-
vestigated are presented and discussed. Then the effect of the compartment geometry on slowing
factor and residence-time distribution is shown and discussed. Here, experimentally determined
slowing factors and residence time distributions are compared to calculation results with the
Zone-Walk Model introduced in chapter 4.
8.9.1 Terminal velocity
Fig. 8.9.1 shows the terminal velocities of the material systems investigated, namely
 toluene (d) + water (c) [tow],
 toluene (d) + 20.85 wt.% PEG4000 + water (c) [toPEG] and
 PP-spheres (d) + water (c) [PPw].
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Figure 8.10: Comparison of measured and calculated terminal velocities of the material systems
toluene (d) + water (c) [tow], toluene (d) + 20.85 wt.% PEG4000 + water (c) [toPEG] and PP-
spheres (d) + water (c) [PPw] at T = 20C.
as a function of particle diameter. The system toluene (d) + water (c) shows typical sedimentation
behaviour where terminal velocity increases with drop diameter until it reaches a plateau value
at around d = 4 mm with v¥ = 0.17 m/s. The sedimentation velocities of this system are similar
to those measured by Henschke (2004) but significantly higher than the terminal velocities for
the system toluene (d) + water (c) measured by other researchers such as Haverland (1988) or
Garthe (2006). This confirms the strong effect of traces of impurities on sedimentation behaviour,
as mentioned in chapter 2.2.1.
Compared to the system toluene (d) + water (c), terminal velocities of the system toluene (d) +
20.85 wt.% PEG4000 + water (c) are significantly lower. This is due to increased drag forces as
a results of the viscosity of the continuous phase, which is 10 times higher than with the system
toluene (d) + water (c). After having fitted the 3 sedimentation-model parameters dsw, asc and atr
(see Tab. 8.1) to the experimental data, the Henschke model (Henschke, 2004) is able to describe
v¥ with good accuracy for both material systems.
The terminal velocities of the PP-spheres in water are lower than those of the toluene drops
in water due to the lower difference in densities of polypropylene and water as well as the rigid
interface of the PP-spheres, which does not allow internal circulation. This becomes apparent
when comparing the terminal velocities for 4 mm toluene drops and PP-spheres.
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Table 8.1: Fitted parameters for Henschke sedimentation model for the material systems toluene
(d) + water (c) [tow] and toluene (d) + 20.85 wt.% PEG4000 + water (c) [toPEG].
material system tow toPEG
dsw [mm] 2.4 1.26
asc 2.58 1.36
atr 2.25 6.9
8.9.2 Variation of the open-area fraction of the stator
Fig. 8.11 shows the experimental and calculated slowing factors as a function of drop diame-
ter at two impeller speeds for an open-area fraction of the stator of 20% and 40% . While at
N = 100 min 1, the slowing factor only increases slightly with j , this increase is more pro-
nounced at N = 200 min 1, where the slowing factor is doubled when doubling j . The model
is able to describe this effect with very good accuracy.
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Figure 8.11: Comparison of calculated and experimentally determined slowing factors as a func-
tion of drop diameter and impeller speed for j = 20% and 40% .
8.9.3 Variation of impeller diameter
A 25% reduction in impeller diameter from DR = 40 mm to 30 mm greatly increases the slow-
ing factor (see Fig. 8.12), thus reducing mean drop residence time inside the compartment. At
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N = 200 min 1, for example, mean drop residence time for the 25% smaller impeller is only half
of what it is for the standard impeller. This is due to the weaker toroidal vortices back-mixing the
drop between the individual compartment zones and hindering it from leaving the compartment.
At lower impeller speed, the main reason for lower drop residence times inside the compartment
is that a smaller impeller makes it easier for the drops to pass the impeller zone. Here again, the
model calculation is in very good agreement with the experimentally determined slowing factors.
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Figure 8.12: Comparison of calculated and experimentally determined slowing factors as a func-
tion of drop diameter and impeller speed for two different impeller diameters.
Not only mean drop residence time but also the width of the residence-time distribution is
significantly reduced with a smaller impeller (see Fig. 8.13). This effect of impeller diameter on
residence-time distribution is also accurately described by the model.
8.9.4 Variation of compartment height
How compartment height affects the slowing factor is shown in Fig. 8.15. At low impeller speed,
compartment height has practically no effect on the slowing factor. However, at high impeller
speed, a 25% higher compartment results in up to 100% higher slowing factors. The main reason
for this is that with the higher compartment, drops can escape the upper toroidal vortex more
easily, which also leads to significantly less back-mixing to the impeller zone (see Fig. 4.26).
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Figure 8.13: Comparison of calculated and experimentally determined residence-time distribu-
tions with different impeller diameters (d = 1.56 mm, N = 150 min 1).
The model is in good agreement with the experimental data here, too.
Due to the lower amount of back-mixing between the individual compartment zones, the width
of the residence time distribution is also reduced with increasing compartment height. This
means that Dax;d(d) is reduced when increasing the compartment height. While the Zone-walk
model overestimates the variance for the standard compartment height ofHC = 35 mm, as already
mentioned in section 8.9.2, it is in good agreement with experimentally found variances for
compartment height HC = 43.5 mm.
8.9.5 Variation of stator type
Using perforated stators instead of ring stators increases slowing factors at low impeller speed.
At high impeller speed, however, it has no measurable effect on kV (see Fig. 8.9.5). This is
because, with ring stators, at low impeller speed the upper toroidal vortex accelerating drops
towards the central stator opening is relatively weak. This leads to high stator impact and, in
turn, increases drop residence time inside the compartment. With perforated stators, on the other
hand, drops do not rely on the toroidal vortex transporting them towards a central stator opening
because they can leave the compartment through any of the holes that are spread out over the
stator. At high impeller speed, stator impact barely influences drop residence time. Instead, it
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Figure 8.16: Comparison of calculated and experimentally determined slowing factors for com-
partments with ring stators (RS) and compartments with perforated stators (PS) as a function of
drop diameter and impeller speed.
is drop back-mixing between the individual compartment zones which mainly determines drop
residence time.
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8.10 Experimentally determined slowing factors and
variances
The following tables list the slowing factors and variances of the drop residence time distributions
measured (see Eq. 5.1) for all compartment geometries investigated. s
N d V˙c DC HC DR HR IT ST j kV s2
[min 1] [mm] [l/h] [mm] [mm] [mm] [mm] s2
50 0.98 0 60 35 40 8 BI RS 0.3 1.02 0.05
50 1.56 0 60 35 40 8 BI RS 0.3 0.88 0.03
50 1.93 0 60 35 40 8 BI RS 0.3 1.00 0.01
50 2.29 0 60 35 40 8 BI RS 0.3 0.68 0.02
50 2.56 0 60 35 40 8 BI RS 0.3 0.67 0.02
50 2.97 0 60 35 40 8 BI RS 0.3 0.56 0.02
50 3.5 0 60 35 40 8 BI RS 0.3 0.55 0.02
50 4.01 0 60 35 40 8 BI RS 0.3 0.42 0.04
50 5.05 0 60 35 40 8 BI RS 0.3 0.42 0.08
100 0.98 0 60 35 40 8 BI RS 0.3 0.59 1.72
100 1.56 0 60 35 40 8 BI RS 0.3 0.57 0.37
100 1.93 0 60 35 40 8 BI RS 0.3 0.62 0.30
100 2.29 0 60 35 40 8 BI RS 0.3 0.56 0.24
100 2.56 0 60 35 40 8 BI RS 0.3 0.50 0.07
100 2.97 0 60 35 40 8 BI RS 0.3 0.42 0.06
100 3.5 0 60 35 40 8 BI RS 0.3 0.42 0.03
100 4.01 0 60 35 40 8 BI RS 0.3 0.43 0.02
100 5.05 0 60 35 40 8 BI RS 0.3 0.44 0.04
150 0.98 0 60 35 40 8 BI RS 0.3 0.39 3.78
150 1.56 0 60 35 40 8 BI RS 0.3 0.36 1.46
150 1.93 0 60 35 40 8 BI RS 0.3 0.35 0.92
150 2.29 0 60 35 40 8 BI RS 0.3 0.38 0.34
150 2.56 0 60 35 40 8 BI RS 0.3 0.37 0.10
150 3.5 0 60 35 40 8 BI RS 0.3 0.31 0.09
200 1.56 0 60 35 40 8 BI RS 0.3 0.28 3.59
200 1.93 0 60 35 40 8 BI RS 0.3 0.20 4.76
200 2.29 0 60 35 40 8 BI RS 0.3 0.26 0.64
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N d V˙c DC HC DR HR IT ST j kV s2
[min 1] [mm] [l/h] [mm] [mm] [mm] [mm] s2
50 1.56 0 60 43.5 40 8 BI RS 0.3 1.00 0.01
50 1.93 0 60 43.5 40 8 BI RS 0.3 1.17 0.04
50 2.56 0 60 43.5 40 8 BI RS 0.3 0.66 0.04
50 2.97 0 60 43.5 40 8 BI RS 0.3 0.54 0.06
50 3.5 0 60 43.5 40 8 BI RS 0.3 0.50 0.07
50 4.01 0 60 43.5 40 8 BI RS 0.3 0.45 0.08
100 1.56 0 60 43.5 40 8 BI RS 0.3 0.69 0.06
100 1.93 0 60 43.5 40 8 BI RS 0.3 0.88 0.09
100 2.56 0 60 43.5 40 8 BI RS 0.3 0.60 0.04
100 2.97 0 60 43.5 40 8 BI RS 0.3 0.47 0.05
100 3.5 0 60 43.5 40 8 BI RS 0.3 0.43 0.04
100 4.01 0 60 43.5 40 8 BI RS 0.3 0.40 0.06
150 1.56 0 60 43.5 40 8 BI RS 0.3 0.57 0.53
150 1.93 0 60 43.5 40 8 BI RS 0.3 0.69 0.17
150 2.56 0 60 43.5 40 8 BI RS 0.3 0.45 0.10
150 2.97 0 60 43.5 40 8 BI RS 0.3 0.33 0.07
150 3.5 0 60 43.5 40 8 BI RS 0.3 0.40 0.10
200 1.56 0 60 43.5 40 8 BI RS 0.3 0.43 1.70
200 1.93 0 60 43.5 40 8 BI RS 0.3 0.42 1.65
50 1.56 0 60 35 30 8 BI RS 0.3 1.09 0.01
50 1.93 0 60 35 30 8 BI RS 0.3 0.96 0.01
50 2.56 0 60 35 30 8 BI RS 0.3 0.76 0.01
50 2.97 0 60 35 30 8 BI RS 0.3 0.64 0.03
50 3.5 0 60 35 30 8 BI RS 0.3 0.57 0.04
50 4.01 0 60 35 30 8 BI RS 0.3 0.50 0.06
100 1.56 0 60 35 30 8 BI RS 0.3 0.94 0.06
100 1.93 0 60 35 30 8 BI RS 0.3 0.87 0.05
100 2.56 0 60 35 30 8 BI RS 0.3 0.62 0.03
100 2.97 0 60 35 30 8 BI RS 0.3 0.50 0.04
100 3.5 0 60 35 30 8 BI RS 0.3 0.43 0.05
100 4.01 0 60 35 30 8 BI RS 0.3 0.37 0.06
150 1.56 0 60 35 30 8 BI RS 0.3 0.69 0.12
150 1.93 0 60 35 30 8 BI RS 0.3 0.72 0.06
150 2.56 0 60 35 30 8 BI RS 0.3 0.53 0.03
150 2.97 0 60 35 30 8 BI RS 0.3 0.43 0.03
150 3.5 0 60 35 30 8 BI RS 0.3 0.37 0.03
200 1.56 0 60 35 30 8 BI RS 0.3 0.51 0.60
200 1.93 0 60 35 30 8 BI RS 0.3 0.52 0.40
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N d V˙c DC HC DR HR IT ST j kV s2
[min 1] [mm] [l/h] [mm] [mm] [mm] [mm] s2
50 1.56 0 60 35 40 8 BI RS 0.4 0.84 0.02
50 1.93 0 60 35 40 8 BI RS 0.4 0.97 0.01
50 2.56 0 60 35 40 8 BI RS 0.4 0.65 0.02
50 2.97 0 60 35 40 8 BI RS 0.4 0.58 0.18
50 3.5 0 60 35 40 8 BI RS 0.4 0.46 0.24
100 1.56 0 60 35 40 8 BI RS 0.4 0.63 0.43
100 1.93 0 60 35 40 8 BI RS 0.4 0.62 0.94
100 2.56 0 60 35 40 8 BI RS 0.4 0.55 0.04
100 2.97 0 60 35 40 8 BI RS 0.4 0.51 0.25
100 3.5 0 60 35 40 8 BI RS 0.4 0.45 0.27
150 1.56 0 60 35 40 8 BI RS 0.4 0.40 3.24
150 1.93 0 60 35 40 8 BI RS 0.4 0.41 0.45
150 2.56 0 60 35 40 8 BI RS 0.4 0.33 0.17
150 2.97 0 60 35 40 8 BI RS 0.4 0.29 0.67
200 1.56 0 60 35 40 8 BI RS 0.4 0.35 3.24
200 1.93 0 60 35 40 8 BI RS 0.4 0.29 1.24
50 1.56 0 60 35 40 8 BI RS 0.2 0.94 0.02
50 1.93 0 60 35 40 8 BI RS 0.2 0.87 0.01
50 2.56 0 60 35 40 8 BI RS 0.2 0.64 0.04
50 2.97 0 60 35 40 8 BI RS 0.2 0.48 0.07
50 3.5 0 60 35 40 8 BI RS 0.2 0.39 0.38
100 1.56 0 60 35 40 8 BI RS 0.2 0.63 0.16
100 1.93 0 60 35 40 8 BI RS 0.2 0.60 0.08
100 2.56 0 60 35 40 8 BI RS 0.2 0.44 0.06
100 2.97 0 60 35 40 8 BI RS 0.2 0.41 0.39
100 3.5 0 60 35 40 8 BI RS 0.2 0.37 0.04
150 1.56 0 60 35 40 8 BI RS 0.2 0.34 2.30
150 1.93 0 60 35 40 8 BI RS 0.2 0.35 0.67
150 2.56 0 60 35 40 8 BI RS 0.2 0.35 0.11
150 2.97 0 60 35 40 8 BI RS 0.2 0.32 0.09
150 3.5 0 60 35 40 8 BI RS 0.2 0.28 0.05
200 1.56 0 60 35 40 8 BI RS 0.2 0.17 14.5
200 1.93 0 60 35 40 8 BI RS 0.2 0.15 7.10
100 1.56 60 60 35 40 8 BI RS 0.3 0.47 1.42
100 1.93 60 60 35 40 8 BI RS 0.3 0.54 0.21
100 2.97 60 60 35 40 8 BI RS 0.3 0.42 0.05
100 3.5 60 60 35 40 8 BI RS 0.3 0.35 0.05
150 1.56 60 60 35 40 8 BI RS 0.3 0.29 8.19
150 1.93 60 60 35 40 8 BI RS 0.3 0.31 3.80
150 2.97 60 60 35 40 8 BI RS 0.3 0.26 0.59
150 3.5 60 60 35 40 8 BI RS 0.3 0.22 0.32
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N d V˙c DC HC DR HR IT ST j kV s2
[min 1] [mm] [l/h] [mm] [mm] [mm] [mm] s2
50 1.56 0 150 75 85 10 BI RS 0.3 0.85 0.43
50 1.93 0 150 75 85 10 BI RS 0.3 1.17 0.06
50 2.56 0 150 75 85 10 BI RS 0.3 0.82 0.05
50 2.97 0 150 75 85 10 BI RS 0.3 0.63 0.05
50 3.5 0 150 75 85 10 BI RS 0.3 0.59 0.09
50 4.01 0 150 75 85 10 BI RS 0.3 0.60 0.10
75 1.56 0 150 75 85 10 BI RS 0.3 0.97 0.24
75 1.93 0 150 75 85 10 BI RS 0.3 0.96 0.13
75 2.56 0 150 75 85 10 BI RS 0.3 0.62 0.56
75 2.97 0 150 75 85 10 BI RS 0.3 0.57 0.17
75 3.5 0 150 75 85 10 BI RS 0.3 0.53 0.13
75 4.01 0 150 75 85 10 BI RS 0.3 0.47 0.10
100 1.56 0 150 75 85 10 BI RS 0.3 0.80 0.67
100 1.93 0 150 75 85 10 BI RS 0.3 0.75 0.33
100 2.56 0 150 75 85 10 BI RS 0.3 0.64 0.17
100 2.97 0 150 75 85 10 BI RS 0.3 0.57 0.11
125 1.56 0 150 75 85 10 BI RS 0.3 0.81 0.49
125 1.93 0 150 75 85 10 BI RS 0.3 0.72 0.48
150 1.56 0 150 75 85 10 BI RS 0.3 0.68 1.61
50 1.56 0 150 75 85 10 TI RS 0.3 0.63 0.96
50 1.93 0 150 75 85 10 TI RS 0.3 0.57 0.21
50 2.56 0 150 75 85 10 TI RS 0.3 0.36 0.22
50 2.97 0 150 75 85 10 TI RS 0.3 0.28 0.54
75 1.56 0 150 75 85 10 TI RS 0.3 0.69 0.82
75 1.93 0 150 75 85 10 TI RS 0.3 0.61 0.41
75 2.56 0 150 75 85 10 TI RS 0.3 0.39 0.16
75 2.97 0 150 75 85 10 TI RS 0.3 0.32 0.25
100 1.56 0 150 75 85 10 TI RS 0.3 0.68 1.22
100 1.93 0 150 75 85 10 TI RS 0.3 0.53 1.87
100 2.56 0 150 75 85 10 TI RS 0.3 0.41 0.27
100 2.97 0 150 75 85 10 TI RS 0.3 0.37 0.09
125 1.56 0 150 75 85 10 TI RS 0.3 0.56 3.60
125 1.93 0 150 75 85 10 TI RS 0.3 0.48 2.47
150 1.56 0 150 75 85 10 TI RS 0.3 0.56 2.51
150 1.93 0 150 75 85 10 TI RS 0.3 0.43 1.85
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N d V˙c DC HC DR HR IT ST j kV s2
[min 1] [mm] [l/h] [mm] [mm] [mm] [mm] s2
50 1.56 0 150 75 85 10 TI PS 0.3 0.85 0.25
50 1.93 0 150 75 85 10 TI PS 0.3 0.79 0.16
50 2.56 0 150 75 85 10 TI PS 0.3 0.49 0.14
50 2.97 0 150 75 85 10 TI PS 0.3 0.39 0.29
50 4.01 0 150 75 85 10 TI PS 0.3 0.34 0.22
75 1.56 0 150 75 85 10 TI PS 0.3 0.80 0.48
75 1.93 0 150 75 85 10 TI PS 0.3 0.75 0.27
75 2.56 0 150 75 85 10 TI PS 0.3 0.48 0.11
75 2.97 0 150 75 85 10 TI PS 0.3 0.40 0.12
75 4.01 0 150 75 85 10 TI PS 0.3 0.27 0.15
100 1.56 0 150 75 85 10 TI PS 0.3 0.66 1.75
100 1.93 0 150 75 85 10 TI PS 0.3 0.67 0.99
100 2.56 0 150 75 85 10 TI PS 0.3 0.40 0.69
100 2.97 0 150 75 85 10 TI PS 0.3 0.32 2.29
125 1.56 0 150 75 85 10 TI PS 0.3 0.58 2.36
125 1.93 0 150 75 85 10 TI PS 0.3 0.55 2.31
125 2.56 0 150 75 85 10 TI PS 0.3 0.40 0.87
150 1.56 0 150 75 85 10 TI PS 0.3 0.53 3.30
150 1.93 0 150 75 85 10 TI PS 0.3 0.53 2.27
50 1.56 0 150 75 85 10 TI PS 0.25 0.76 0.19
50 1.93 0 150 75 85 10 TI PS 0.25 0.76 0.10
50 2.56 0 150 75 85 10 TI PS 0.25 0.44 0.26
50 2.97 0 150 75 85 10 TI PS 0.25 0.34 0.50
50 4.01 0 150 75 85 10 TI PS 0.25 0.32 0.28
75 1.93 0 150 75 85 10 TI PS 0.25 0.71 0.31
75 2.56 0 150 75 85 10 TI PS 0.25 0.40 0.52
75 3.5 0 150 75 85 10 TI PS 0.25 0.35 0.20
100 1.56 0 150 75 85 10 TI PS 0.25 0.59 2.55
100 1.93 0 150 75 85 10 TI PS 0.25 0.63 1.18
100 2.56 0 150 75 85 10 TI PS 0.25 0.34 1.27
100 2.97 0 150 75 85 10 TI PS 0.25 0.30 1.86
125 1.56 0 150 75 85 10 TI PS 0.25 0.56 3.19
125 1.93 0 150 75 85 10 TI PS 0.25 0.62 1.44
150 1.56 0 150 75 85 10 TI PS 0.25 0.46 4.29
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Nomenclature
Latin symbols
asc - parameter of Henschke’s sedimentation model
atr - parameter of Henschke’s sedimentation model
a 1/m specific interfacial area
A m2 area
B m3/(m2h) load
cd - drag coefficient
CC - coalescence parameter
Cip - mass-transfer parameter
d m drop diameter
dsw m parameter of terminal-velocity model
dmin m minimal distance
D m diameter
Dax;i m2/s axial dispersion coefficient
Dd m2/s molecular diffusion coefficient
Deff m2/s effective diffusion coefficient
E 1/s residence-time density
f i - crossover parameter of Henschke’s sedimentation model
f back 1/s back-mixing frequency
f forw 1/s forward-mixing frequency
f expo 1/s frequency of exposition to stator region
f exit 1/s exit frequency
fmax - maximum relative deviation
fmean - mean relative deviation
F N force
g m/s2 gravity of earth
hi m height in zone i in which drop is accelerated radially
H m height
Hcd Nm Hamaker coefficient
K’HR - modified Hadamard Rybczynski factor
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Nomenclature
kV - slowing factor
m kg mass
n - swarm exponent, number
N 1/s impeller speed
p - probability
q0 1/m number-density distribution
r m radial position in compartment
s - uniformly distributed random number
s j m distance in zone j of perforated stator
t s time
ti s time in zone i for radial drop acceleration
v m/s velocity
v m/s mean velocity
vc m/s counter-current flow velocity in stator cross-section
vR m/s impeller-tip velocity
V m3 volume
V˙ m3/s volume-flow rate
x m distance
xacc - acceleration factor
xd - drag parameter
xi - proportionality factor radial drop acceleration in zone i
xi(m;s2) - normally distributed proportionality factor for zone i
xImp - impeller-specific parameter
xS - proportionality factor for radial acceleration underneath stator
xSta - stator-specific parameter
y kg/kg equilibrium weight fraction of transferred component in dispersed phase
y kg/kg weight fraction of transferred component in dispersed phase
Greek symbols
asw - exponential parameter of Henschke’s sedimentation model
adef - exponential parameter of Henschke’s sedimentation model
b m/s mass-transfer coefficient
D - increment
e - dispersed phase hold-up
h Pa s dynamic viscosity
q - dimensionless time
m - mean value of normal distribution
j - open-area fraction of stator
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Nomenclature
r kg/m3 density
s N/m interfacial tension
s2 s2 variance
tm s mean-residence time
Subscripts and abbreviations
32 Sauter mean value
abs absolute
acc acceleration
act active
API asymmetrically-positioned impeller
bl impeller blade
eff effective
B buoyancy, breakage
BI blade impeller
c continuous phase
calc calculated
char characteristic
cir with internal circulation
conti continuous-phase contribution
corr corrected
crit critical
C compartment, coalescence
d dispersed phase
def deformed
D drag
expo exposed
fluc fluctuation
G gravity
i inner
imp impact
IT impeller type
max maximum
min minimum
mod modified
M mother drop
o outer
os oscillating
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Nomenclature
PS perforated stator
rad radial
rig rigid
R impeller
RS ring stator
RB impeller shroud
s swarm
sph spherical
S stator
SPI symmetrically-positioned impeller
ST stator type
Sh shaft
tor torus
tot total
¥ in an infinitely extended medium
Dimensionless numbers
Ar Archimedes number
Bo Bodenstein number
Ne Newton number
Re Reynolds number
We Weber number
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